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INTRODUCTION 
Prescribed fire has become an integral part of forest management. 
Its use as a silvicultural tool for site preparation, hazard reduction, 
and insect or disease control has increased steadily in the last decade. 
In 1954, Region. 1 of the U.S. Forest Service broadcast burned slightly 
over 2,000 acres, whereas in 1968, over 18,000 acres were broadcast 
burned. With such an increase in the use of prescribed fire, it is 
essential to have a complete understanding of the cause and effect 
relations involved in its use. 
A water-can fire analog^ has been developed at the Northern 
Forest Fire Laboratory to assist in the measurement and comparison 
of site effects within and between broadcast burns. The analog, 
described by Beaufait (1966) consists of a standard 1-gallon paint can 
filled with 3 liters of water and sealed with a friction-seal lid in 
which an opening is made prior to the fire. It is recovered and weighed 
as soon after the fire as possible. The analog responds to the heat 
flux experienced during the broadcast burns. 
To make meaningful measurements, the analog must be calibrated 
and its integrated thermal characteristics determined. This analog 
responds to the heat flux at the base of a fire but may also be related 
^The term "water-can fire analog" will subsequently be called 
merely "analog." 
2 
to the total energy released by the fire. A certain amount of energy 
intercepted by the analog is transferred to the soil by conduction 
and some is reradiated to the atmosphere. Due to its placement though, 
the heat flux which affects the analog approaches the heat flux which 
affects the site. 
OBJECTIVES AND SIGNIFICANCE 
The objectives of this study are: 
1. To measure thermal responses of the water-can fire analog 
when subjected to various amounts of heat flux. 
2. To determine whether these thermal responses can be used to 
interpret the heat flux affecting the site in a model fire. 
As the use of prescribed fire is increasing at a rapid pace, it 
becomes most important that we know the effects of heat upon the site. 
The development of an analog provides a means for making comparisons 
of site effects within and between broadcast burns. To aid in a more 
intensive classification of prescribed fire, it is necessary to calibrate 
the analog and determine the relationship between the heat input to 
the analog, analog responses, and the heat flux impinging upon the 
surface of the soil. Thus, calibration of the analog will assist in 
determining the quality of prescribed burns. 
3 
METHODS OF STUDY 
This study vas divided into two phases; the second being dependent 
on the first. In the first phase, the thermal characteristics and 
responses of the analog were studied in a large oven. An analog was 
used as a calorimeter to determine the heat flux in the oven at various 
levels of input. The relationship between the oven input and the heat 
flux was studied following the oven calibration. The temperature 
gradient in a sand base located under the oven was monitored to determine 
the heat conducted to or from the analog and the heat conducted through 
the adjacent sand. 
The second phase involved the burning of test fires in the 
combustion chamber. Bach test fire contained an analog. Three types 
of cribs and a bed of pine needles produced levels of heat flux. 
Bach heat flux gave a corresponding analog response and temperature 
gradient in the sand. These responses and temperature gradients were 
related to the heat flux as determined during the oven calibration 
and study of analog responses. The average energy release rate during 
the fire was determined and related to analog responses and the heat 
conducted through the sand. 
4 
LITERATURE REfVIEW 
Use of Analogs to Characterize Prescribed Fire 
p 
Beaufait and Steele used organic calorimeters in an attemp.t to 
measure variation in intensities of prescribed fires. The organic 
calorimeters were made of laminated, tempered hardboard (Lebonite)^ 
and were 15 centimeters square. Weight loss and depth of char were 
to be the two criteria of fire intensity. The disadvantage of this 
type of calorimeter was its inability to withstand the extreme temper­
atures found in many prescribed fires. 
A device similar to the analog was used by Martin and Davis 
(1963) to provide an indication of heat output from a prescribed 
fire. Regular cooking roasters containing 'water were placed above a 
fire of palmetto-gallberry fuels. Their success was not reported. Tt 
was not stated whether any type of calibration had been done on the 
device. Another attempt to use such a device for measuring the heat 
4 
flux in a prescribed fire is being done by D. B. Williams in Canada. 
p 
Beaufait, William R. , and Robert W. Steele. Variation in the 
intensity and effects of prescribed fire during successive seasons in 
the Lubrecht Experimental Forest, Study Plan No. 2102-06 on file at 
the Northern Forest Fire Laboratory, U.S.D.A. Forest Service, Inter-
raDuntain Forest and Range Exp. Sta. 29 pp. 1963. 
Product of U.S. Plywood Corporation. 
4 MacLeod, J. C. Personal correspondence with Dr. William R. 
Beaufait, February 25, 1964. 
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5 Wade, while working with Beaufait, studied the response of 
fire analogs to duff conditions during prescribed fires. He showed 
that a relation between percent duff reduction and analog water loss 
existed; analog water losses greater than 400 grams were usually-
associated with duff reductions of over 50 percent while analog water 
losses less than 400 grams were usually associated with less than a 
50 percent duff reduction. 
Temperature Measurement 
Temperature is measured indirectly by some physical property which 
varies directly with temperature, such as light emission, electrical 
resistance, volume, length, or thermal electromotive force. One such 
method of measuring temperature is through the use of thermocouples. 
A thermocouple is simply two lengths of wire, made from different 
homogeneous metals, connected at both ends to form a complete electrical 
circuit. The circuit develops an electromotive force (emf) when one 
junction is at a different temperature than the other. This emf is 
dependent upon the difference in temperature between the hotter end, 
or measuring junction, and the cooler end, or reference junction. 
Thermocouples have been used successfully to measure temperature 
by numerous scientists. Beaufait (l96l) used thermocouples to measure 
temperatures in tree crowns during prescribed fires. Sampson (1944) 
Wade^ D. D. Response of fire analogs to duff conditions during 
prescribed fire. 1965. (Unpublished master's thesis on file at the 
School of Forestry, Univ. of Mont., Missoula.) 
V 
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placed thermocouples in the litter and soil under stands of ch^^parral 
to obtain soil temperatures during burning. Heyward (1936) measured 
soil temperature during fires in the longleaf pine region of the South. 
Anderson (1964) used thermocouples to measure vertical temperature 
gradient in the flame and convection column, in measuring fuel surface 
temperatures, and in studying the effective preheating distance for 
various types of fires. Chang (1958) used thermocouples to measure 
soil temperatures and to compute the rate of heat flow into the soil. 
Chang found thermocouples possessed a high degree of accuracy and were 
especially suitable for measuring surface temperature. Strong (1938) 
stated chromel-alumel wires obtainable from the factory for making 
thermocouples usually had an accuracy within ±5° C. , but the inaccuracy 
of those thermocouple wires could be neglected when measurements of 
differences in temperature are being made. 
Heat Transmission 
It is difficult to conduct a study in which heat flux is the 
primary variable measured and controlled. Heat is transmitted by 
conduction, convection, and radiation. In many practical heat transfer 
situations, two or more of the heat transfer mechanisms may be operative 
simultaneously. Equations have been developed which permit evaluation 
of heat transfer rates for flow through complex systems in which 
conduction, convection, and radiation occur in parallel or series combi­
nations . 
7 
Stemple and Rail (1964) discussed the use of calorimeters in 
direct heat transfer measurements. The absolute water-cooled calorimeter 
relates the rate of heat absorbed to the temperature rise of a known 
constant mass flow of water: 
Q = CpW(T2 - T^) cal./sec. (l) 
where 
Q = rate of heat absorbed by the calorimeter water 
(total conducted, radiated, and convected) 
Cp = specific heat of water 
W = mass flow rate of water 
= temperature rise of water through the calorimeter. 
Hodgman (1956) gave the specific heat of water at various 
temperatures as follows: 
icp C. 1.00129 oal./g- A c .  
5CP C. .99854 cal./g./'C. 
9(f C. 1.00437 cal./g./̂ C. 
Using the specific heat of water as 1.000 aal./g./°G. over the moderate 
range of temperatures, a general formula for the rate of heat absorbed 
by the calorimeter can be written as: 
Q = wCTg - T^) cal./sec. (2) 
Refer to "Nomenclature" in Appendix for definition of symbols 
used throughout the thesis. 
8 
McAdams (1954) provided an expression for thermal conduction 
through homogeneous solids which was first proposed by Fourier in 1822, 
The simple relation for steady heat transfer in undirectional conduction 
is: 
q = -KA dT/dx cal./sec. (3) 
where: 
q = the rate of heat conduction along the x axis 
A = cross section of the path normal to the x axis 
K = thermal conductivity of the substance 
-dT/dx = temperature gradient along the path. 
Thus, for a Qonstant area, the rate of heat conduction along a given 
axis is directly proportional to the temperature gradient along this 
axis and the thermal conductivity of the substance. 
Ghang (1958) stated that thermal conductivity of the soil is 
important in studying the heat exchange and has selected values for 
thermal properties of substances and soils with various moisture 
contents from several references. Hodgman (1956) gave the thermal 
conductivity of dry sand as determined by Herschel-Lebour and Dunn 
in 1879 as 0.00093 cal./sec. (cm.)^(® C./cm.). Carslaw and Jaeger 
(1959) and McAdams (1954) determined the thermal conductivity to be 
0.00063 and 0.00078 cal./sec. (cm. )^(° C./cm.) respectively. McAdams' 
value happens to be the mean of the former values listed. Carslaw 
and Jaeger state that the thermal conductivity (K) is not constant 
for the same substance, but depends upon the temperature. They also state 
however, when the range of temperature is limited, this change in K may 
be neglected. 
9 
Use of Physical Fire Models 
Much work has been done in studying fire models in uncontrolled 
conditions but only recently has research been undertaken in controlled 
conditions. Fons et al. (1959) first reported on a technique for 
studying model fires under steady-state conditions. Fons stated all 
that was necessary for a physical fire model was a wood fuel bed built 
in the form of a crib, a combustion table to transport the fuel bed 
at a controlled rate, an ignition device, a base of inert material of 
known density, and sensing and recording instruments to measure specific 
variables. Anderson (1964) studied the mechanisms of fire spread under 
controlled conditions in fuel beds composed of needles of ponderosa 
pine (Pinus ponderosa Laws,) and western white pine (Pinus moticola 
Douglas). Gross (1962) described experiments concerning the burning of 
cross piles of wood under controlled conditions. Thomas et al. (1961) 
summarized a study of the buoyant diffusion flames from a wood crib in 
a cubical enclosure. 
Fons et al. (i960) reported on the effects of density of wood 
on the rate of burning of cribs. White fir (Abies concolor) was 
chosen as the principle species because of its uniformity, freedom 
from resin, and availability. Fons (1962) found the use of a drop 
of resorcinol-formaldehyde resin glue on each junction bound the 
cribs into a rigid assembly. The glue was unaffected by moisture 
and does not add heat in the combustion process. 
10 
In the ignition of cribs, Gross (1962) found that by using 
normal heptane in amounts less than 8 percent of the crib weight, 
the igniter fuel was completely exhausted before any appreciable 
weight loss of the crib oocurred and, therefore, the igniter fuel 
weight need not be included in the weight of the crib. 
Byram et al. (1964) reported that by increasing the stick 
spacing in a fuel bed, the transmission of radiant heat in the direction 
of the unburned fuel was increased. It was also found that if spacing 
was too great, or not great enough, sustained burning was not possible. 
To estimate heat in the center of the crib,- a calorimeter device was 
used consisting of a blackened l/4-inch copper tube with a constant 
water flow. The temperature of the in-going and out-going water was 
taken and the rate of heat received by the tube was expressed as: 
I = CpM AT/A-t cal./cm.2/sec. (4) 
where: 
I = rate of heat received per unit area of the tube 
Cp = specific heat of water 
M = rate of mass flow of water 
AT = temperature rise 
= surface area of the tube in the crib. 
It was found that the heating rate ranged from 20 to 70 B.t.u./ft.^/min. 
just before the approaching flames contacted the tube. 
Thomas et al. (1961) found that different mass rates of weight 
loss, and thus intensities, could be obtained by varying the amount and 
spacing of wood in cribs of constant dimension. 
11 
Anderson et al. (1966) in outdoor pilot studies showed the 
vertical convection column velocity immediately above maximum flame 
height to be related to the convection column temperature. In a 
similar study under controlled laboratory conditions, Anderson and 
7 
Rothermel obtained essentially the same relationship which was 
represented by the equation: 
V = 36.2 - Tq)^ (5) 
Where: 
V = convection column velocity, f±./m±n, 
= convection column temperature, 
Tq = ambient temperature, ®F. 
The internal energy of the gas was then calculated from the formula: 
E = pAVCpCT^^ - T^) (6) 
where: 
E = energy rate, B.t.u./tnin. 
p = air density, 
A = area of flow, ft.® 
t 
V = convection column velocity, ft./sec. 
Cp = specific heat of air at constant pressure, B.t.u./lb. ̂ F. 
= convection column temperature, °F. 
Tq = ambient temperature, ®F. 
7 
Anderson, H. B. , and R. C. Rothermel. Mechanisms of fire spread. 
1964- (Unpublished final report to the National Science Foundation under 
Grant No. NSF-6-16303 on file at Intermountain Forest and Range Exp. Sta. , 
U.S.D.A. Forest Service, Missoula, Montana.) 
12 
Q 
Rothermel simplified this equation for existing combustion 
facilities at the Northern Forest Fire Laboratory: 
E = ISSAX/IP" ' (7) 
7650 + AT 
where: 
AT = Ti - Tq, °F. 
AP = pressure differential in exhaust flue, Ih,/, 
Anderson et al. (1964) determined the convection column energy 
release rate as a percent of total energy rate for two fires. The 
average percent of total energy released in the convection column for 
the two fires was 62 percent. This was the same as that estimated 
by Fons et al. (i960). 
8 
Rothermel, Richard C. Airflow characteristics--wind tunnels and 
combustion facilities Northern Forest Fire Laboratory. 1967. 
(Laboratory report on file at Intermountain Forest and Range Exp. Sta. , 
U.S.D.A. Forest Servicej Missoula, Montana.) 
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PHASE I - CALIBRATION OF THE WATER-CAN ANALOG 
Determination of Oven Heat Flux 
To provide a constant heat flux in which the analog could be 
calibrated, an oven capable of temperatures to 60CP C. was used. The 
power input (wattage) was controlled through use of a rheostat and 
monitored by a calibrated voltmeter and ammeter (wattage = volts x 
amperes. 
The oven was placed on a sand base which was used as a "standard 
site." To minimize variation in the conductivity and to maintain as 
homogeneous of a solid as possible, the sand was screened to a maximum 
size of 840 microns (.0331 inch). The sand was physically described 
according to ASTM (1961) which is a method of sieve analysis (table l). 
Table 1.--Description of Sand Used in Standard Site 
Microns Inches Percent by weight in cl&ss 
0-74 0-.0029 1.9 
74-149 .0029-.0058 4-7 
149-297 .0058-.0116 36.7 
297-595 .0116-.0232 52.4 
595-840 .0232-.0331 4.3 
The sand was mainly composed of quartz and feldspars, with 
minor quantities of apatite, biotite, muscovite, and hornblende. The 
specific gravity was determined to be 2.64 and agreed closely with 
that given by Hodgman (1956): 
feldspars sp. gr. =2.56 - 2,69 
quartz sp. gr. =2.59 - 2.66 
The bulk density of the sand was 1.41 g./cm.^. 
The analog was placed on the sand in the center of the oven. 
Chromel-alumel thermocouples were placed in the sand in pairs to 
determine the rate of heat flow through the sand and to account for 
heat transferred to or from the analog. Preliminary tests with a 
known heat source indicated thermocouples placed l/2 inch below 
the sand surface and l/2 inch apart provided a suitable temperature 
gradient (dT/dx). The profile of the rate of heat flow under the oven 
was assumed to be symmetrical; thus, thermocouple pairs were placed 
on a radius from the center to the edge of the oven. Heat flow through 
the sand was calculated using equation (3): 
Qq (heat transfer by conduction) = -KA dT/dx cal./sec. 
Using the thermal conductivity of sand (K) as 0.00078 cal./sec. 
(cm.C./cm.), a constant unit area of 1-square centimeter, and a 
distance between thermocouples of 1.27 centimeters (l/2 inch) the rate 
of heat flow per iiriit area can be determined: 
Qc/a = -0.00061AT cal./cm.^/sec. (8) 
Figure 1 shows the placement of thermocouples in the sand and their 
position in relation to the analog and oven. 
Water was allowed to flow through the analog at a constant rate. 
The flow rate was measured with a rotameter and checked by periodic 
volumetric measuring. Chromel-alumel thermocouples were placed in the 
waterlines to measure the temperature of the water in and out of the 
30 
Oven Walls 
Water Can 
Fire Analog 
93/4 
Oven 
Heating 
Elements 
71/2 
u 
29 
:'C hromiel-Alumel : 1 
T h^rmopQuples. 
|<-B->j^B-'|^B-^A->jtA->| ^— 
A=l5/8" B=2 7/I6" 
TT Asbestos Support Asbestos Base 
Figure 1.—Sketch showing position of oven, analog, and thermocouple. 
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analog. The flow rate was varied and the heat absorbed calculated for 
each input level. If the necessary turbulence was not present, an 
increase in the flow rate caused an increase in the calculated heat 
absorbed. When this occurred, the water mass flow rate was increased 
until the heat transmitted into the analog (Q^et^ reached a steady 
state. The heat experienced by the analog was calculated by equation 
(1): 
Qnet = CpWCTg - T^) cal./sec. 
The heat transmitted to the analog by radiation (assuming 
negligible heat transfer by convection) was then determined: 
Qnet = Qc + Qr (radiant heat) (9) 
thus : 
Qr = Qnet - Qc cal-/sec. (9a) 
The heat experienced by the analog (Qj q̂-^) determined for 
seven levels of oven input. Readings were taken only after a steady-
state condition existed in the oven. A constant oven temperature, as 
determined by a thermocouple situated in the oven atmosphere several 
inches equal distance from both the analog and the sand base, indicated 
a steady state. Twenty-two runs at the seven levels of oven input 
were made. The data and calculations are shown in table 2. Note 
that heat conducted to the analog through its base was taken into account. 
A plot of Qp( or radiant heat flux (cal./sec.) as a function of oven 
Heat flux is normally defined as the rate of heat flow per unit 
area (cal./cm.^/sec. ). Since the analog has a fixed area in this study, 
the heat flux experienced by the analog will assume this area and have 
the units cal./sec. 
17 
Table 2 , --Determination of Radiant Heat Flux Experienced by the Analog 
Water lliasur«Mnts Radiant Haat Flux 
Nat Haat Plow Into Heat Flow From Sand Into Total Radiant Haat Flix to par unit araa to 
Ov*n Input(f) Wasx now Rat«(H) Tamparatura Dlffaranoa(AT) watar can analog (g watar oan analog (Qq) watar oan analog (Qp) water can analog( 
R'j.i Mimb«r Watts OrMs/saoond (°c) Cal/sac Cal/sac Cal/aao Cal/cn /sac 
3-U 125 3.6 4.5° 16 0 16 
3-lB 129 3.4 4.5® 15 0 15 
3-lC 125 3.2 4.0® 13 1 IJ 
p. 129 14 ^/i-0.012 
3-2A 133 3.1 4.0O 12 0 12 
3-2B 133 3.0 4.0O 12 0 12 
3-2C 133 3.0 4.0® 12 0 12 
P-133 V 12 ^/^-O.OIO 
3-3A 133 4.9 2.9® 11 0 11 
3-3B 130 3.6 3.0® 11 0 11 
3-3C 13T 2.6 3.0® 8 0 8 
^133 V i o  ^/A-0.008 
6-U 4«g 4.0 9.0® 36 1 35 
6-lB 489 3.8 10.5® 40 1 39 
6-ac 473 3.6 10.0® 36 1 35 
^4«B -^/A-0.030 
6-U 469 9.9 5.5° 32 0 32 
6-2B 489 9.2 6.0® 31 0 31 
6-2C 40S 9.2 5.0° 26 1 25 
P-46g 
6-3A 909 9.0 8.0° 40 0 40 
6-3B 909 4.9 8.0® 36 0 36 
6-3C 909 4.6 7.5® 34 0 34 
P-909 V  
6-U 469 7.3 9.0® 37 0 37 
6-4B 4ao 7.2 9.0® 36 0 36 
6-4C 474 7.2 9.9® 40 0 40 
P-473 V" 
9-U •84 8.3 7.9° 62 1 61 
9-lB tor 8.0 8.0® 64 1 63 
9-lC 807 7.8 8.0® 63 1 62 
P-813 V "  ^/A-0.052 
9-2A 634 6.8 10.0® 68 1 67 
9-2B 843 6.1 10.5® 64 1 64 
9-3C 843 9.6 11.0® 62 1 61 
P-840 V " ^/A-o-om 
9-3A 834 7.1 11.0° 78 1 77 
9-3B 834 6.1 12.0° 74 1 73 
9-3C 843 9.9 13.0° 72 1 71 
F-837 V ^4 VA-0-062 
9-4A 1061 10.4 8.9° 89 1 88 
9-4B 1061 10.1 10.0® 102 1 101 
9-4C 1134 10.0 9.0® 91 1 90 
P-1066 V "  
9-SA 8S4 11.9 71 0 71 
9-SB 893 12.0 6.0° 72 0 72 
9-5C 891 11.9 6.5° 77 0 77 
F-899 
12-U 1606 11.9 12.0° 143 1 142 
12-IB 1606 11.1 13.5° 150 1 149 
12-lC 1967 10.2 14.5° 148 1 147 
1^1993 
12-2A 1632 10.0 13.5° 135 1 134 
12-2B 1967 9.2 19.5® 149 1 148 
12-2C 1993 8.9 17.5® 148 1 147 
P-1997 
12-SA 1632 11.6 19.0® 174 1 173 
12-3B 1632 11.4 14.0® 160 1 159 
12-3C 1698 11.4 14.0® 160 1 159 
P-1641 V164 ^/A-0.136 
15-U 2962 11.3 23.0° 260 1 299 
IS-IB 2611 11.1 23.0° 255 1 294 
19-lC 26Sf 11.0 22.5° 248 1 247 
^2601 V293 ^*-0.210 
19-2A 2401 13.2 19.0° 251 1 290 
15-2B 2949 13.1 18.5° 242 1 241 
i5-2C 2912 12.9 19.0° 245 1 244 
P-2486 VW5 ^/A-0.204 
15-3A 2469 13.0 19.5® 294 1 293 
18-3B 2469 13.1 19.5® 295 1 254 
19-3C 2417 12.8 19.5® 249 1 248 
^2449 V®" 
18-U 3906 16.7 23.9° 393 1 392 
18-IB 3906 19.8 23.9° 371 1 370 
18-lC 3506 19.7 23.0° 361 1 360 
P-3606 ^-374 ^/*-0.311 
18-2A 3243 14.1 25° 352 1 351 
18-2B 3373 l3.9 26® 351 1 390 
18-2C 3298 13.2 26® 343 1 342 
P-3304 ^/A-0.289 
18-3A 3469 13.0 29 ° 378 1 377 
ie-3B 3490 12.4 29.9® 366 1 369 
1B-3C 3431 12.2 30 ° 368 1 367 
^3490 -̂ 370 gR/A-0.308 
20-U 4128 14.8 29.9° 437 1 436 
20-IB 4128 12.9 33.9° 432 432 
20-IC 4046 12.0 36 ° 432 1 430 
P-4100 ^/A-0-360 
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inputs in watts is shown in figure 2. The regression equation for this 
10 
relationship was determined: 
Heat flux (Qj^) = 0.0815W + 0.0000068W® (lO) 
n = 22 r® = .99 
variance = 54.1 F ratio = 8,077 
where: 
n = number of observations 
variance = variation of the estimate 
r^ = portion of the variance attributable to regression 
(r = the coefficient of multiple correlation) 
F ratio = the F test looks for equality between the variance 
of the estimate and the variance of the observed 
dependent term. 
F ratio = (sums of squares of deviations removed by 
. regression) 
(variance)(number of regression coefficients) 
Figure 3 shows the analog, sand base, oven, and the physical 
arrangement used in the first part of Phase I - Determination of Oven 
Heat Flux. 
^^The regression equation was determined using IBM program SCRAP. 
IBM, 1620 General Program Library, file number 6.0.003. 
400 
^ 300 
G 200 
HEAT PLUX TO THE WATER CAN ANALOG 
AS RELATED TO THE OVEN INPUT. 
HEAT FLUX= O.OBISW + 0.0000068 W 
100 
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OVEN INPUT ( WATTS ) 
Figure 2.--Radiant heat flux affecting the analog as related to oven input. 
Figure 3.--Apparatus used in determination of the 
oven heat flux. 
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Response of the Water-Can Fire Analog 
The primary analog response studied was that concerning the 
relationship between water loss and time for each level of heat flux 
experienced. To determine the rate of water loss, the water boiled 
from the analog was passed through a large water-cooled condensor. A 
heat tape was used to keep the section of tubing between the oven and 
the condensor above lOCP C. The condensate was collected in a beaker 
and its weight continuously recorded by use of an electronic weighing 
system and a recorder. The rate at which the vapor condenses vas 
equivalent to the rate at which water was lost from the analog (R^)-
A water trap located on the lid prevented liquid water from 
being blown from the analog. The pressure in the analog and water-
line was monitored with a slant tube manometer. No significant 
increase in pressure was measured during any tests in the oven. The 
condensor, weighing system, and physical arrangement used during this 
portion of the calibration are shown in figure 4. 
The history of water loss from the analog was determined for 
eight levels of oven input. When the rate of heat flow in the sand 
reached a steady-state condition at each oven input, the oven was lifted 
and an analog containing 3,000 milliliters of water inserted. The 
water was heated nearly to boiling prior to insertion so as to have 
a minimal effect on the oven's equilibrium. The oven was quickly 
lowered and measurements of water loss as a function of time as well as 
heat exchange between the analog and the sand recorded. Table 3 gives the 
Figure 4.--Apparatus used in studying the analog response. 
Table 5.--Oven Data Used to Calculate the Heat Flux Producing Each Analog Response 
0. W Heat flow through Total heat flow to analog 
Run Average input Radiant heat flux bottom of analog % - Qr + Qc 
Amps Watts Cal./sec.* Cal./min. Cal./min.** Cal,/sec. Cal./min 
3 118 9.5 571 -19 9.2 552 
6 426 36.7 2,199 -19 36.3 2,178 
7.5 544 46.6 2,797 -25 46.2 2,772 
9 868 75.5 4,533 +3 75.6 4,536 
10.5 1,169 104.5 6,268 +38 105.1 6,306 
12 1,625 150.2 9,013 +89 151.7 9,102 
lo t
o 1—
1 
1,875 176.7 10,604 +64 177.8 10,668 
15 2,412 236.3 14,177 +97 237.9 14,274 
16.5 2,941 298.7 17,924 +82 300,1 18,006 
*Calculated from equation (lO). Heat flux (Q^) = 0.0815W + 0.0000068W^. 
**Determined using data from thermocouples 1, 2, 3, and equation (3). (Positive sign indicates 
heat gained by analog.) 
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oven input at each level, the radiant heat flux calculated using 
equation (10), the heat lost or gained through the base of the analog, 
and the total heat flux (H^) experienced by the analog as calculated 
using equation (9).^^ The analog response for each level of heat 
flux and their relative position to one another are shown in figure 5. 
Points at predetermined, even-time intervals were read from the weighing 
system recordings. Regression equations were fitted through each set 
of data. (See Appendix A and B for the actual data and plotted curves.) 
The coefficient of multiple correlation (r) of all eight levels was 
greater than 0.99. The equations and corresponding heat flux are 
given in table 4. 
The general form of the equation for water loss as a function 
of time is: 
W.L. = at - bt® 
The constant a and b can be determined as a function of the heat flux 
such that the water loss may be written: 
W.L. = f(Hf)t - f(Hf)t2 
The rate of water loss (Rw) cs-n be calculated as the first 
derivative of each of the water loss equations; 
Rate of water loss (R^) = d(W.L.) = a - 2bt 
dt 
Since the maximum rate of water loss occurs at t = 0, the constant 
a is equal to the maximum rate of water loss. The maximum rate of water 
The total heat flux responsible for a given analog response 
will be designated and is equal to or + Qr-
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Fipure 5.--Histories of water loss from the analog in the oven. 
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Table 4.--Regression Equations for Water Loss at Bach Input Level 
Heat flux (Hf) Water loss as a function of time 
Cal./min. Water loss in grams and time in minutes 
2,178 W.L- = 1.27t - .OOOlt® 
2,772 W.L. = 2.18t - .OOOSt^ 
4,536 W.L. = 5.23t - .0021t2 
6,306 W.L. = 9.72t - .0075t2 
9,102 W.L. = 15.23t - .0175t® 
10,668 W.L. = 19.64t - .0305t3 
14,274 W.L. = 28.56t - .0619t® 
18,006 W.L. = 40.70t - .1337t® 
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loss and corresponding heat flux are given in table 5. The constant 
a or maximum rate of watet' loss as a function of heat flux is shown in 
figure 6. The curve was not forced through zero since an undetermined 
positive amount of heat flux exists prior to any water loss. The 
regression equation for this relationship was determined: 
Max. = 0.478 x lO"'' + q.ISI x 10"^ Hf - 2.30 (ll) 
n = 8 = .99 
variance = 2 . 4 2  F ratio = 2,770 
An equation solving for heat flux as a function of the maximum 
rate of weight loss can be written: 
Hf = 1,622 + 530 - 3.12 
The constant b, a deceleration constant, as a function of heat 
flux is shown in figure 7. The regression equation for b (the t^ constant 
term) was determined: 
b = 0.00426 e-oooi95Hf _ o.007 (l2) 
n = 8 r® = .99 
variance =.21 x 10"^ F ratio = 349 
With both constants a and b defined as a function of heat flux, the 
water loss can be defined as a function of heat flux and time: 
W.L- = at - bt® 
or: 
W.L. = (0.478 x 10-'^%2 + 0.151 x 10"^% - 2.30)t -
(0.00426 _ o.007)t3 (13) 
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Table 5.--Rate of Water Loss Equations and Maximum Rate of 
Water Loss for Each Level of Oven Input 
Heat flux (H^) Rate of water loss equation Maximum rate of water loss 
Cal./min. R^ in g./min. , t in time R^j. max. in g. /min. 
2,178 R-w - 1.27 - .0002t 1.27 
2,772 Rv = 2.18 -• .0006t 2.18 
4,536 Rw = 5.23 -• .0042t 5.23 
6,306 Hw = 9.72 - .0150t 9.72 
9,102 Rw = 15.23 - .0350t 15.23 
10,668 Rw = 19.64 - .oeiot 19.64 
14,274 Rv. = 28.56 - .1238t 28.56 
18,006 = 40.70 - .2674t 40.70 
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Figure 6.—Maximum rate of analog water loss as a function of heat flux. 
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Figure 7.—The constant for t term in water loss as a function of 
heat flux equations. 
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A table of values of water loss for different levels of heat flux 
and time were computed and are given in Appendix C. Using this table, 
the heat flux experienced by the analog can be determined provided 
the duration of boiling and the total water loss are known. This 
equation assumes a constant state of heat flux for the duration of the 
water loss. 
Another relationship which can be used for determining the heat 
flux affecting the analog is that between the area under the water 
loss curve and the heat flux. This area is inversely related to the 
heat flux affecting the analog. The result of this calculation should 
not differ much from the previous method using the total water loss and 
boiling time but offers convenience in calculation and extrapolation. 
The area under each water loss curve between 0 and 3,000 grams water 
loss was determined: 
o 
f(t)dt 
where; 
f(t) = at - bt® (form of water loss equations, table 4) 
BT = boiling time. 
Thus: 
(at - bt®)dt = a.2 
BT 
or: 
|(BT)2 - |(BT)3 - 0 
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Since the lower limit will always be 0, the area under the water loss 
curves between 0 and 3,000 are simply: 
A = |(BT)2 - |(BT)3 (14) 
The heat flux, boiling time, and corresponding area under the 
water loss equation are given in table 6. 
A graph of the data in table 6 is presented in figure 8. The 
regression equation for this relation is: 
Log = 5.56 - .622 log A (15) 
where: 
A = area in kg.-min. 
n = 8 r^ = .99 
variance = 3.72 x 10"*^ F ratio = 1,085 
Since the relationships between water loss and time for each 
level of oven input were not linear (equations in table 4, or data 
in Appendix B), it is assumed the decreasing rate of water loss was a 
function of the surface area of the analog. The effective surface 
area of the analog was calculated by determining the volume and thus 
height of water at selected times. Heat flow through the base was 
measured and accounted for while heat transfer between the steam and 
the water was assumed to be small and of minor proportion. The rate 
of water loss and corresponding time was calculated from the derivative 
of the water loss equations (table 5). The relationships between rate 
of water loss and surface area are shown in figure 9. 
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Table 6.--Duration of Boiling and Area Under the Water Loss 
Equations for Each Level of Heat Flux 
Heat flux Boiling time 
Area under water 
loss equation 
Cal./min. Minutes Kg.-min. 
2,178 3,420 4,353 
2,172 1,835 2,492 
4,536 870 1,065 
6,306 510 601 
9,102 300 370 
10,668 250 295 
14,274 160 197 
18,006 120 139 
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Figure 8.--Area under the analog water loss curve as a function of 
heat flux. 
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Figure 9.--The effect of analog surface area on rate of analog 
water loss. 
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The actual maximum rate of water loss can be compared to the 
theoretical rate of water loss at each level of heat flux input. 
Us^g the latent heat of vaporization to be 540 cal./g- Q't the boiling 
temperature, a theoretical rate of water loss can be -calculated 
(table 7). 
The relationship between actual and theoretical rate of water 
loss is shown in figure 10. A regression equation for the actual 
maximum rate of water loss as a function of the theoretical rate can 
be written: 
Max. = 0.492Rt + 2.23 x (l6) 
n = 8 ii. r^ = . 99 
variance =1.77 F ratio = 906 
The relation between actual and theoretical rates of water loss 
can be used to correct predictions made from actual rate of water loss 
data. The regression equation (l6) shows a positive and negative 
correction factor is necessary at rates of water loss below and above 
2d g./min., respectively. Although the theoretical line would fit 
the experimental points at a statistically significant level, equation 
(16) best describes these data. 
Further calibration of the analog response could be accomplished 
through further treatment of rate of water loss--surface area data. 
It would be possible to write a general equation for heat flux as a 
function of rate of water loss and effective surface area of the analog 
(fig. 9). If this were done, additional comparisons of the actual and 
theoretical rates at other than zero time could be made. This may 
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Table 7.--A Comparison of Actual and Theoretical Rates of Water Loss 
Actual maximum rate Theoretical rate of 
Heat flux of water loss water loss 
Cal./min. G./min. G./min. 
2,178 1.27 4.03 
2,772" 2.18 5.13 
4,536 5.23 10.06 
6,306 9.72 11.68 
9,102 15.23 16.86 
10,668 19.64 19.76 
14,274 28.56 26.43 
18,006 40.70 33.34 
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have helped to further explain the efficiency of the analog, but 
•was beyond the scope of the study. 
Following quantification of the primary analog responses, their 
relation to the heat conducted through the sand (Q^) could be determined. 
During the oven heat flux calibration procedures, the analog was at a 
temperature well below 100° C. and affected adjacent temperature 
gradients in the sand. While determining the response of the analog, 
its mass was continually decreasing, causing the rate of heat conduction 
into sand to also change. Thus, separate runs were necessary to obtain 
a steady-state condition in terms of both heat flux and conduction 
through the sand. 
To determine the heat conducted through the sand, the oven was 
preheated on the sand base until a steady state was attained. When 
equilibrium was reached and the differential temperature for the 
thermocouple pairs became constant, readings of AT for all pairs were 
taken. Little variation in the values of AT occurred at each level 
of oven input and indicate a uniform flux within the oven. was 
determined using equation (3) and the results are shown in table 8. 
Figure 11 shows the relationship between the oven heat flux and the 
heat conducted through the sand base. A regression equation was 
obtained for this relationship: 
Qq = 1.41 X 10"^% - 3.76 X 10"®%® (17) 
n = 9 = .99 
variance = 2.66 x 10"^ F ratio = 1,219' 
Table 8.--Heat Flov Through the Sand Base 
Heat flux (Ep) Heat flow (Q^) 
Cal./min. Oal./cm.^/min. 
552 .078 
2,178 .282 
2 ,112  .432 
4,536 .552 
6,306 .762 
9,102 .888 
10,668 1.128 
14,274 1.224 
18,006 1.332 
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Similar relations between the heat flow through the sand and 
other measures of the analog response, such as maximum rate of water 
loss (table 5) and area under the water loss curves (table 6) exist. 
Regression equations for both have been determined: 
(a) QQ as a function of maximum rate of water loss (R^) 
QQ = 0.282 + 5.15 X 10"®^ - 6.35 x ^3) 
n = 8 r^ = . 99 
variance = 2. BO x 10""^ F ratio = 211 
(b) Qo as a function of area under the water loss curve (A) 
Log Qc = 1.11 - .448 log A (19) 
n = 8 r^ = .98 
variance = 5.75 x 10""^ F ratio = 362 
Figures 12 and 13 show the actual data and regression equations given 
above. 
The Phase I calibration of the water-can analog responses and 
the heat conducted through the site provides the basis for determining 
the analog capabilities in actual test fires. The heat flux experienced 
by the analog can now be determined using equation (13) and the heat 
conducted into the site determined by equation (17). 
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Figure 12.--Heat flow through the sand as related to maximum rate of 
water loss. 
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PHASE II - USE OF MODEL FIRES IN DETERMINING ANALOG CAPABILITIES 
Model fires were used for several purposes: 
(l) To determine if the thermal responses of the analog can be 
used to interpret the heat flux in a model fire. 
{2) To determine if the amount of heat which is impinging on 
the sand can be predicted. 
(3) To determine if any relation exists between the thermal 
response of the analog and the total energy release rate of the model 
fire. 
Description of the Cribs and Fuel Beds 
Three types of cribs (see table 9 for a description of the cribs) 
composed of square sticks were constructed. The stick size was varied 
and the spacing was held constant to provide different burning rates. 
A fuel bed composed of ponderosa pine (Pinus ponderosa) needles (table 
10) provided still another burning rate or level of heat flux. Engelmann 
spruce (Picca engelmannii) wood was used for the 3/4- by 3/4-inch stick 
size crib because of this species* uniformity, low amount of resin, 
and availability. The other two cribs were constructed from Douglas-fir 
(Pseudotsuga menzie^^ )J wood as dimension size in Engelmann spruce 
for the two larger stick size cribs was not available locally. 
The individual sticks in the cribs were held together by a 
drop of resorcinol-formaldehyde resin glue placed at each junction. 
After each crib was bound into a rigid assembly, a square hole was 
Table 9.—Charaoteristios of Cribs Built for Analog Testing 
' Crib 1 Crib 8 Crib 3 
Stick size 3/4" x 3/4" x 33-3/4" 1-5/8" x 1-5/8" x 34" 3-5/8" x 3-5/8" x 32-5/8" 
Species Spmice Douglas-fir Bou^Las-fir 
Spacing ratio 3 to 1 3 to 1 3 to 1 
Ktaaber of sticks 540 126 27 
Volume of crib 22.07 ft.® 22.75 ft.® 20.05 ft.® 
Volume of wood 5.54 ft.® 6.54 ft.® 6.70 ft.® 
Average density (ovendry) 26 lbs./ft.® 28 lbs./ft.® 28 lbs./ft.® 
Crib weight 144 lbs. 183 lbs-. 188 lbs. 
StK'faoe area of wood in crib 310.1 ft.® 162.4 ft.® 89.7 ft.® 
X. = aoffid volume 0.053 ft.®/ft.® 0.100 ft.®/ft,® 0.149 ft.®/ft.® 
total surface area in crib 
0 = surface area of particle ̂  64 ft.®/ft.® 29.5 ft.®/ft.® 13.2 ft.®/ft.® 
cubic volume of particle 
4 
particle thickness 
Approximate low heat value 2.016 x 10^ cal./lb. 2.016 x 10^ cal./lb. 2.016 x 10^ cal./lb. 
U-H.V.) 
Total li.H.V. of crib 2.9 x 10^ cal. 3.7 x 10^ cal. 3.8 x 10^ cal. 
Table 10.--Characteristics of Ponderosa Pine Needle Fuel Beds 
Fuel bed size (inches) 36 X 36 X 18 
Weight of fuel at 7 to 8 
percent moisture content 
30 pounds 
Volume of fuel 13.5 ft.3 
Loading 2 . 2 2  lb./ft.3 
Average fuel density- 31.8 lb./ft.® 
Volume of needles .94 ft.® 
Surface area of needles 1,637 ft.2 
X = void volume/surface area 7.7 X 10"® ft.®/ft.2 
CT = surface area/particle volume 1,741 ft.®/ft.® 
Approximate low heat value (L.H.V.) 8,744 B.t.u./lb. 
Total L.H.V. of fuel bed 2,45 X 10® B.t.u. 
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cut out (8 inches by 8 inches by 10 inches) to accommodate an analog. 
Four cribs of each size were built. 
All the cribs and pine needles were conditioned indoors under 
ambient conditions. The equilibrium moisture content of both the cribs 
and pine needles was between 5.0 and 7.5 percent of the ovendry weight 
at the time of burning. 
Procedure for Fire Model Tests 
The cribs and fuel beds were burned in the combustion chamber 
at the Northern Forest Fire Laboratory. Since during each fire the 
analog response and other variables were handled independently, it was 
not necessary to closely regulate the starting environmental conditions. 
The relative humidity was held below 45 percent and the dry-bulb 
temperature held between 8CP and 9CP F. 
The cribs were ignited by several small sticks placed between 
the lower members of the crib. Prior to ignition, the sticks were 
dipped in xylene. . The pine needle fuel beds were ignited by a xylene-
soaked string which had been strung across the bed's surface. 
All cribs were placed on a metal grating which held the crib 
3/4 inch off the sand base. The grating prevented fractions of'the 
burning crib from affecting measurements of heat flow through the sand. 
A similar grating kept the analog from making direct contact with 
portions of the burning crib. Due to the mass of the metal grating, 
it had some effect on both the analog responses and heat conducted 
through the sand. Because the magnitude of the effect is small and the 
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fact that the sand and analog were treated alike, a correction was not 
made. (Figure 14a shows the metal grating in place over the sand base.) 
Within the sand base were located five sets (37 pairs) (o^^chromel-
alumel thermocouples. Five pairs were located under the analog to 
monitor heat flow to or from the analog through the sand. The remaining 
four sets of thermocouple pairs were located at 90-degree intervals on 
radii extending from the center of the analog. The first pair of thermo­
couples of each set were located 9 inches from the center of the analog. 
The remaining seven pairs were located 3 inches apart. The five pairs 
of thermocouples located under the analog were situated 1-5/8 inches 
apart along the analog's diameter. The top and bottom thermocouples of 
all pairs were located 1 inch apart (Ax = 1 inch). (Figure 14b shows 
placement of the sand base, thermocouple pairs, and grating supports.) 
The thermocouples were read out at short intervals by manually switching 
through two multiple point switches and recording the millivolt output 
on two strip chart recorders. The readout equipment for the thermo­
couple pairs as well as the equipment for recording water loss from 
the analog is shown in figure 15a. 
The method of determining the analog response was the same as 
that in Phase I. The size of the steam condensor was doubled to insure 
maximum efficiency. Copper tubing wasrej^aced with iron pipe so as 
to withstand the expected temperatures. Figure 15b shows the analog 
and 2-inch by 2-inch crib positioned for burning. 
Figure 14a.--Metal grating xn position over sand and 
surrounding analog. 
Figure 14b. -Arrangement of thermocouple pairs and 
grating supports within the sand base. 
Figure 15a.--Recording instrumentation for test fires 
Figure 15b.--Crib and analog positioned for burning. 
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Results 
Following several fires for the purpose of checking out the 
equipment and system, data were taken on 13 model fires. The type of 
crib burned and the starting environmental conditions are given in 
table 11. 
The data and curves showing history of water loss from the analog 
are given in Appendices D and E. The maximum rate of water loss occurred 
during the early part of the fire and was determined graphically from 
the curve. The total water loss, also taken from the curve, was 
compared to that remaining or originally placed in the analog. In all 
cases, the original and final water contained by the system was in 
error by less than 1 percent. Table 12 gives the duration of boiling, 
total water loss, maximum rate of water loss, and the area under the 
water loss curve for fires 1 through 13. 
The maximum rate of water loss experienced in the oven during 
Phase I was 40.7 g./min., the minimum area under the water loss curve 
was 139 kg.-min., and the minimum time total water loss achieyed was 
120 minutes. Thus, it is obvious that the heat flux experienced in all 
but the 4-inch by 4-inch crib fires was much greater than that 
experienced using the oven runs. The heat flux, then, had to be extra­
polated for those fires other than the 4-inch by 4-inch crib fires. 
Figures 16 and 17 show the extent of the heat flux extrapolation from 
the heat flux as a function of maximum rate of water loss, and the 
area under the water loss curves. 
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Table 11.--Environmental Conditions at Start of Test Fire 
Fire Crib type Starting Conditions 
number or size Relative humidity Temperature 
Percent °F. 
1 4" x 4" 44 84 
2 4" x 4" 45 87 
3 4" x 4" 35 86 
4 2" x 2" 44 85 
5 2" x 2" 22 84 
6 2" x 2" 19 87 
7 3/4" x 3/4" 27 87 
8 3/4" x 3/4" 26 86 
9 3/4" x 3/4" 25 86 
10 4" x 4" 29 85 
11 pine needles 35 87 
12 pine needles 32 90 
13 pine needles 35 86 
'ir 
imb' 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
54 
Table 12.--Response of Analog During Test Fires 
Boiling 
time 
Total water 
loss 
Maximum rate of 
water loss 
G-/minr 
41 
40 
39 
174 
221 
212 
254 
230 
238 
42 
63 
79 
81 
Area under water 
loss curves 
Minutes 
103 
91 
151 
21 
20 
19 
24 
22 
25 
125 
16 
16 
22 
Grams 
2,854 
2,804 
2,914 
3,000 
3,000 
3,000 
2,317 
2,440 
2,502 
2,862 
522 
520 
752 
Kg. -min. 
186 
156 
304 
35.4 
35.2 
33.7 
40.3 
38.9 
45.5 
247 
5.88 
6.34 
1.18 
260 
240 
220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 
11-0 ll 
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Figure 17.--Extrapolation of heat flux from its relation to the area under 
the analog water loss carve. 
Table 13 gives values of heat flux for each fire as determined 
from the extrapolations shown in figures 16 and 17 and from the water 
loss as a function of heat flux and time relationr:(Appendix C or 
equation (l3)). The use of maximum rate of water loss and area under 
the water loss curves to determine heat flux can only be an estimate 
due to the magnitude of the extrapolations. For the heat flux-maximum 
relation, the curve was linearly expanded as the last three points were 
nearly linear. Since the heat flux-area relation fitted a long function 
with a high degree of certainty and was linear (equation (l5), fig. 8), 
the extrapolation was made from the equation. Theoretically, as the 
area approaches 0, the heat flux should reach an infinitely large 
value and thus limits analog use. Thus the equation may not be appropriate 
for extrapolation much beyond the limits of the actual data. 
If during the fires, the analog had experienced a steady state of 
heat flux, the heat flux as extrapolated from the two curves should be 
fairly accurate. Since a steady state did not exist for the entire 
duration of analog water loss, variation in the heat flux depended on 
the extent of deviation from the steady state during the initial and decay 
portions of the fire. The effect of the decay should be smallest in 
those fires which the analog lost its entire 3,000 milliliters of water 
before the fire was over (fires 7, 8, and 9). In those fires where 
the analog experienced the effects of buildup and lost little water 
(fires 11, 12, and 13), the variation in heat flux should be larger. 
A high maximum rate of water loss from the analog, but of short duration, 
would cause a large error in the heat flux. Of the three methods used 
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Table 13.--Heat Flux Experienced by the Analog During the Test Fires 
as Determined by Equations (lla), (15), and (15) 
Heat flux from 
Fire 
number 
equation (l3) -
table in Appendix C 
Water loss = f(Hf)(t) 
Heat flux from 
equation (lla) 
% = f(R„) 
Heat flux from 
equation (15) 
Hf = f(A) 
Cal./niin. Cal./min. Cal./min. 
1 16,730 18,100 14,100 
2 17,800 17,900 15,700 
3 13,740 17,500 10,400 
4 57,280 59,000 39,500 
5 59,740 72,900 39,600 
6 62,260 70,800 40,700 
7 41,410 83,600 33,200 
8 46,230 70,600 37,200 
9 42,360 78,600 33,800 
10 15,620 18,500 11,800 
11 15,860 24,900 120,600 
12 17,400 29,800 115,100 
13 16,600 30,100 327,600 
for determining the heat flux, that depending on the water loss and 
boiling time should be the most accurate as little extrapolation was 
necessary. 
The heat transferred to or lost from the analog during each fire 
was calculated from data concerning the temperature gradient in the sand 
beneath the analog. (Data concerning the temperature gradient for the 
five pairs of thermocouples under the analog are given in Appendix F.) 
The temperature gradient (AT) under the analog was plotted against 
elapsed time from initiation of boiling and found to be linear in all 
but the 4-inch by 4-inch crib fires. The area under each line or curve 
from initiation to final boiling was determined and the total heat flow 
into the analog calculated from equation (3). Table 14 gives the 
calculated value of heat flow into the analog through its contact with the 
sand base and shows what percentage of the total heat flux (as determined 
from analog water loss and boiling time, equation (13)) this amounts to. 
Since the heat flow to the analog through its base is less than .5 
percent of the total heat flux it is experiencing, an adjustment in the 
heat flux which affects the sand base was not made. 
In a similar manner, the heat flow into the sand during each fire 
was calculated. The temperature gradient (AT) was plotted against time 
for the first four pairs of thermocouples of the four sets. At regular 
time intervals, the AT for all four sets of the same pair were read and 
the average determined. The original temperature gradient data and their 
average as determined graphically are given in Appendices G and H. The 
average AT for each thermocouple pair was then plotted against elapsed 
^ir 
imb 
5 
6 
7 
8 
9 
10 
11 
12 
13 
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Table 14. -,-Heat Conducted Through the Sajid Under the 
Crib and Under the Analog 
Percent of total 
Heat conducted heat experienced Total heat conducted 
to analog by the analog through sand (Qip) 
by sand C(Hf) equation (13')] during the fire 
Cal./min7 Cal./cm7^ 
83 .14 1,344 
112 .18 1,347 
110 .27 887 
81 .17 916 
74 .18 894 
33 .21 69 
49 .31 437 
20 .11 418 
30 .18 499 
61 
time from ignition for each fire. The plots of these data are given 
in figures 18 and 19. The area under each curve was determined using a 
compensating polar planimeter and the total heat flow into the sand 
per unit area (Q^) calculated using equation (3). The heat flow into 
the sand during each fire is given in table 14. The total heat flow 
into the sand (Q^) during each fire was also plotted against the heat 
flux as calculated from the water loss-time equation (l3) and is shown 
in figure SO. An equation for this relationship can be written: 
= .0216H^ - 2.31 (20) 
n = 9 r^ = .97 
variance = 8.63 x 10^ F ratio = 401 
The rate of energy released from each fire was calculated ci V y 
in order to determine whether a relation existed between B„ and the heat ave 
flow to the analog or the heat flow into the sand. The calculation was 
made using the maximum steady-state convection column temperature, the 
differential pressure between the combustion chamber and the outside, 
and equation (7). Table 15 summarizes information leading to the cal­
culation of the average energy release rate and the total energy 
released from the fire. Although the total energy released during the 
fire and the average energy released in the convection column are directly 
related, the latter was used for correlating with various dependent 
variables because of its direct measurement. Figures 21 and 22 show 
the relation between E and the maximum rate of water loss and the ave 
heat flux as determined by the water loss-time equation (3^3). Regression 
equations for these relations can be written: 
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Figure 18.—Average temperature gradient as a function of time during 
the test fires. 
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Figure 20. Total heat flow into the sand under the test fires as a 
function of heat flux. 
Table 15.—Data Used in Calculation of Energy Release Rates During Test Fires 
Fire Crib type 
Steady-state 
maximum AT 
. AP 
Inches of Convection column energy Total fire release 
number or size temperature Tg - 90 water E ave E ave ®total~®ave/. 62 
°F. °F. B. t.u./sec. B. t.u. /min. B.t.u./min. 
1 4" x 4" 175 85 .09 186 11,160 18,000 
2 4" x 4" 170 80 .07 156 9,360 15,100 
3 4" x 4" 185 95 .07 182 10,920 17,610 
4 2" x 2" 270 180 .19 535 32,100 51,770 
5 2" x 2" 197 107 .33 444 26,640 42,970 
6 2" x 2" 300 210 .25 704 42,240 68,130 
7 3/4" x 3/4" 270 180 .29 663 39 ,780 64,160 
8 3/4" x 3/4" 263 173 .29 640 38,400 61,940 
9 3/4" x 3/4" 252 162 .33 646 38,760 62,520 
10 4" x 4" 177 87 .08 180 10,800 17,420 
11 pine needles 183 93 .07 180 10,800 17,420 
12" pine needles 193 103 .07 197 11,820 19,070 
13 pine needles 175 85 .07 164 9 ,840 15,870 ; 
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Figure 21.--Average energy release rate as related to heat flux experience 
by the analog. 
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Figure 22.—Average energy release rate as related to the maximum rate 
of analog water loss. 
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Save = 49.9 + 2.4711^ (21) 
n = 13 r® = .91 
variance = 5.22 x 10® F ratio = 132 
= 10.1 + O.OlHf (22) 
n = 13 r^ = .88 
variance = 8.53 x 10® F ratio = 111 
As a high correlation was obtained between the average energy 
release rate maximum R , and as shown above, a similar 
 ̂ cl v o ' ' y 
correlation was considered between and the total heat flow into 
cu v c? 
the sand under the crib ( Q m ) .  The and data given in tables 
1 av 0 j. 
14 and 15 were plotted and are shown in figure 23. The regression 
equation is: 
Ot = (22) 
n = 9 r^ = .62 
variance = 8.23 x 10^ F ratio = 11.4 
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Figure 23.--Total heat flow into the sand under the test fires as a 
function of the average energy release rate. 
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SUMMARY MD CONCLUSIONS 
A calibrated water-can fire analog will enable prescribed fire 
researchers to quantify the heat impinging on the soil and the heat 
released during a prescribed burn. Once these parameters are quantified, 
they may be related to additional physical variables such as fuel 
moisture content, fuel quantity, percent fuel reduction, etc. A tool 
which has been characterized in this manner can aid in many aspects of 
prescribed fire research. 
The objectives of this study were to measure the thermal responses 
of the water-can fire analog when subjected to various amounts of heat 
flux and to determine whether these thermal responses could be used 
-^o interpret the heat flux impinging on the site. The thermal responses 
were first measured in an oven at various input levels. The analog was 
then inserted in test fires to determine whether similar responses 
could be obtained under actual fire conditions. 
The primary response of the water-can analog concerned its w^ter 
loss as related to the duration of boiling and the magnitude of the 
heat flux experienced. This relation in its unsimplified form was 
expressed as: 
¥.L. =(0.O478 X + 0.151 x 10-2% _ 2.30)t -
(0.00426e*°°°i®®^f - 0.007)t2 (l3) 
Evaluation of this equation provided a table of values for water loss, 
for corresponding values of heat flux, and for boiling time (Appendix C). 
other responses calibrated during Phase I - Calibration of the 
Water-Can Analog can be summarized as follows: 
1. The maximum rate of water loss from the analog and the area 
under the water loss curve shown good correlation with the heat flux 
experienced. Small deviations in either, though, result in large 
changes in the heat flux. 
Max. = 0.478 x 10-'^%® + 0.151 x lO'^^ - 2.30 (ll) 
Log Hf = 5.56 - .622 log A (15) 
2. High correlation was obtained between the heat flow through 
the sand and the various analog responses. Equations describing each 
relation were determined: 
Qc = 1.41 X 10"^% - 3.76 X 10-®%2 
QQ = 0.282 + 5.15 X lO-sRw - 6.35 x lO"^^® 
Log Qg = 1.11 - .448 log A (l9) 
3. The rate of water loss from the analog at each level of 
constant heat flux was found to decrease with water loss. A plot of 
the rate of water loss as a function of analog-water surface area 
while accounting for heat conducted through the analog base was made. 
A graph of these rates is shown in figure 9 and is nearly linear. This 
indicates that the decreasing surface area is largely responsible for 
the corresponding decrease in rate of water loss. 
When using the results of Phase I to make predictions about 
various test fire effects, several considerations should be made. 
The oven calibration took place during a steady-state condition. In 
other words, the heat flux impinging on the analog was held constant 
while the various responses were measured. For related measurements 
12  
in test fire conditions to be quantitative, then the heat flux encountered 
must be nearly constant. Since no analog response was measured while the 
water temperature was below lOQP C., a portion of the effects of fire 
buildup and decay are eliminated. Although some buildup and decay was 
experienced, as long as a steady state predominated their effect would 
be minimum. 
The test fires were used to provide a heat flux similar to that 
occurring in prescribed fires. The use of test fires was necessary 
to determine if the thermal responses of the analog could be used to 
interpret the heat flux in an actual fire, to determine if the amount 
of heat flux impinging on the sand could be predicted, and in determining 
whether any relation exists between the thermal response of the analog 
and the energy released by the test fires. 
The test fires provided larger energy release rates and thus 
larger analog responses than anticipated. The magnitude of the analog 
responses were shown when attempts to extrapolate heat flux data from 
the maximum rate of water loss and area under the water loss curve 
were made (see figs. 16 and 17). Because of the higher energies, 
it was impcsd-ble to determine whether actual predictions couldjbe made. 
The ability to show high correlation between analog responses, energy 
release rates, and heat conducted into the sand, though, were nearly 
as valuable. 
The results of Phase II - Use of Model Fires in Determining 
Analog Capabilities can be summarized: 
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1. The heat flux occurring in the test fire as determined by 
analog responses and equation (l3) was correlated to the total heat flow 
into the sand under the crib. 
Qy = 0.0216H^ - 2.31 (20) 
The energy released in the convection column during the fire 
(EQ^ Q̂) was also correlated to the total heat flow into the sand. 
Qt = 159 - (23) 
3. The energy released in the convection column during the fire 
(E ) showed high correlation with the heat flux in the test fire as 
av e 
determined by analog responses and equation (13) and with the maximum 
rate of water loss (F^). 
Eave = 10.09 - O.OIH^ (22) 
Eave = 49.9 - 2.47R^ (21) 
The high degree of correlation between analog responses, heat 
conducted through the sand, and the average energy released in the 
convection column show that the analog responses can be used to interpret 
the heat flux impinging on the site. The analog responses can also 
be used to help quantify the average energy released from the fire. 
The key to use of the water-can fire analog under field conditions 
is the ability to accurately measure the analog responses. The total 
water loss and duration of boiling are the primary response needed. 
Given this information and using equation (l3) or Appendix C, the heat 
flux affecting the analog and thus the site can be quantified. The fact 
that this equation adequately quantified the heat flux affecting the site 
and the average energy released from the test fires indicates the deviation 
due to buildup and decay is small and can be neglected. 
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APPENDIX A 
WATER LOSS DATA FOR WATER-CAN FIRE ANALOG IN OVEN 
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Run 1 Run 1 
EIT Water loss ET Water loss 
6.0 amps 2,178 cal./min. 6.0 amps 2,178 oal./min. 
Minutes Grams Minutes Grams 
60 64 1,740 1,856 
120 96 1,800 1,856 
180 192 1,860 1,968 
240 272 1,920 1,968 
300 320 1,980 2,016 
360 368 2,040 2,080 
420 480 2,100 2,144 
480 576 2,160 2,176 
540 640 2,220 2,240 
600 688 2,280 2,272 
660 784 2,340 2,336 
720 848 2,400 2,336 
780 960 2,460 2,464 
840 1,024 2,520 2,464 
900 1,072 2,580 2,528 
960 1,168 2,640 2,560 
1,020 1,216 2,700 2,624 
1,080 1,280 2,760 2,656 
1,140 1,344 2,820 2,688 
1,200 1,392 2,880 2,704 
1,260 1,456 2,940 2,752 
1,320 1,488 3,000 2,800 
1,380 1,552 3,060 2,800 
1,440 1,568 3,120 2,832 
1,500 1,664 3,180 2,832 
1,560 1,712 3,240 2,896 
1,620 1,712 3,300 2,944 
1,680 1,760 3 ,360 2,944 
3,420 3,000 
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Run 2 Run 3 
ET Water loss ET Water loss 
7.5 amps 2,722 cal./niin. 9.0 amps 4,536 oal./fflin. 
Minutes Grams Minutes Grams 
35 82 30 162 
95 166 60 341 
155 313 90 503 
215 443 120 618 
275 542 150 812 
335 657 180 926 
395 804 210 1,041 
455 919 240 1,139 
515 1,018 270 1,302 
575 1,132 300 1,368 
635 1,263 330 1,466 
695 1,346 360 1,581 
755 1,461 390 1,727 
815 1,576 420 1,842 
875 1,675 450 1,892 
935 1,790 480 1,990 
995 1,888 510 2,105 
1,055 1,987 540 2,171 
1,115 2,054 570 2,270 
1,175 2,249 600 2,384 
1,235 2,300 630 2,498 
1,295 2,383 660 2,549 
1,355 2,497 690 2,631 
1,415 2,564 720 2,650 
1,475 2,583 750 2,732 
1,535 2,698 780 2,798 
1,595 2,749 810 2,899 
1,655 2,800 840 2,945 
1,715 2,866 870 3 ,000 
1,775 2,933 
1,835 3,000 
ET 
5 ai 
.nut^ 
30 
60 
90 
120 
150 
180 
210 
240 
270 
300 
330 
360 
390 
420 
450 
480 
510 
78 
Run 4 Run 5 
Water loss ET Water loss 
6,306 oal./min. 12.0 amps 9,102 cal./min. 
Grams Minutes Grams 
263 15 175 
541 30 398 
868 45 653 
1,035 60 860 
1,298 75 1,018 
1,528 90 1,273 
1,727 105 1,432 
1,894 120 1,623 
2,067 135 1,750 
2,227 150 1,876 
2,410 165 2,051 
2,496 180 2,146 
2,631 195 2,241 
2,768 210 2,415 
2,852 225 2,542 
2,971 240 2,631 
3,000 255 2,780 
285 2,905 
300 3,000 
ET 
5 ai 
,nut 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
79 
Run 6 Run 6 
Water loss ET Water loss 
10,668 cal./min. 13. 5 amps 10,668 cal./tnin. 
Grams Minutes Grams 
112 125 1,972 
207 130 2,019 
303 135 2,067 
382 140 2,114 
478 145 2,194 
573 150 2,209 
685 155 2,289 
780 160 2,336 
844 165 2,384 
955 170 2,431 
1,003 175 2,479 
1,114 180 2,526 
1,194 185 2,574 
1,241 190 2,621 
1,305 195 2,653 
1,416 200 2,700 
1,464 205 2,748 
1,511 210 2,779 
1,607 215 2,811 
1,654 220 2,858 
1,686 225 2,906 
1,813 230 2,961 
1,861 235 2,953 
1,924 240 2,968 
245 2,984 
250 3,000 
BT 
0 ai 
.nut I 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
80 
Run 7 
Water loss 
14,274 cal./min. 
ET 
16.5 amps 
Run 8 
Water loss 
18,006 cal./min. 
Grams Minutes Grams 
34 0 36 
52 5 136 
247 10 380 
377 15 593 
523 20 805 
654 25 969 
800 30 1,181 
946 35 1,297 
1,060 40 1,413 
1,177 45 1,562 
1,291 50 1,726 
1,405 55 1,832 
1,504 60 1,974 
1,602 65 2,090 
1,716 70 2,142 
1,814 75 2,243 
1,896 80 2,359 
1,963 85 2,475 
2,059 90 2,543 
2,125 95 2,675 
2,239 100 2,727 
2,290 105 2,780 
2,404 110 2,880 
2,454 115 2,930 
2,531 120 3,000 
2,602 
2,653 
2,735 
2,785 
2,838 
2,886 
2,952 
3,000 
APPENDIX B 
HISTORY OF WATER LOSS FROM WATER-CAN FIRE ANALOG IN OVEN 
81 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
OVEN INPUT: 6.0 AMPERES 
HEAT FLUX: 36CAL./SEC, 
WATER LOSS » L3T - 0.000/ V 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
1000 OVEN INPUT: 7.5 AMPERES 
HEAT FLUX: 46CAL./SEC, 
WATER LOSS ^ 2.2T ^ 0.0003 T^ 
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1600 1800 O 200 400 600 800 1000 1200 1400 
TIME ( MINUTES ) 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
OVEN INPUT: 9.0 AMPERES 
HEAT FLUX: 76CAL./SEC. 
WATER LOSS*5^ T - 0.002! T*^ 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
OVEN INPUT: 10.5 AMPERES 
HEAT FLUX: 105 CAL./SEC. 
WATER LOSS'9.7T-0.0075 T 
 ̂ 1000 
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700 500 600 300 400 100 0 200 
TIME (MINUTES) 
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^ 2000 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
OVEN INPUT: 12.0 AMPERES 
HEAT FLUX: 152 CAL./SEC. 
WATER LOSS' 15.2 T-0.016 T^ 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
1500 OVEN INPUT: 13.5 AMPERES 
HEAT FLUX: 178 CAL./SEC, 
WATER LOSS'19.6 T'0.035 T^ 
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HISTORY OF WATER LOSS FROM WATER CAN ANALOG 
OVEN INPUT: 15.0 AMPERES 
HEAT FLUX 236 CAL. /SEC. 
WATER LOSS ^ 28.6T '0.062T^ 
500 
JL 
20 40 60 60 too 
TIME ( MINUTES ) 
120 140 160 
3000 
2500 
2000 
CO 
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to 
1500 HISTORY OF WATER LOSS FROM WATER CAN ANALOG O) 
8 OVEN INPUT: 16.5 AMPERES 
HEAT FLUX: 300 CAL./SEC. 
WATER LOSS* 40.7 T'0.I34T 
500 
O 20 40 60 60 100 120 140 
TIME (MINUTES) 
APPENDIX C 
TABLE OP VALUES OP WATER LOSS AS A FUNCTION OF HEAT FLUX AND BOILING TIME 
COMPUTED FROM EQUATION (l3) 
Heat flux 10 12 14 16 18 
Cal./min. — — —— — 
2,000 9 11 13 15 17 
2,500 18 22 25 29 32 
3,000 27 32 37 43 48 
3,500 36 43 50 57 64 
4,000 45 54 63 72 81 
4,500 55 66 76 87 98 
5,000 64 77 90 103 115 
5,500 74 89 104 119 133 
6,000 85 102 118 135 152 
6,500 95 114 133 152 170 
7,000 106 127 148 169 189 
7,500 117 140 163 186 209 
8,000 128 153 178 204 228 
8,500 139 167 194 222 249 
9,000 151 181 210 240 269 
9,500 163 195 227 259 290 
10,000 175 209 244 278 312 
10,500 187 224 261 297 333 
11,000 200 239 278 317 355 
11,500 212 254 295 336 377 
12,000 225 269 313 357 400 
12,500 238 285 331 377 423 
13,000 252 301 350 398 446 
13,500 265 317 368 419 470 
14,000 279 333 387 440 493 
14,500 293 350 406 462 517 
15,000 307 366 425 484 541 
15,500 321 383 445 506 566 
16,000 335 400 464 528 590 
16,500 350 417 484 550 615 
17,000 364 434 504 572 640 
17,500 379 452 524 595 665 
18,000 394 470 544 617 690 
18,500 409 487 564 640 714 
19,000 424 505 584 662 739 
19,500 439 523 605 685 764 
20,000 454 540 625 708 789 
20,500 470 558 645 730 813 
21,000 485 576 665 752 837 
21,500 500 594 685 774 861 
22,000 516 611 705 796 884 
22,500 531 629 724 817 907 
23,000 546 646 744 838 929 
23,530 561 663 762 858 951 
24,000 576 680 781 878 971 
24,500 590 697 799 
25,000 605 713 816 
TtME(MtNUTeS) 
22 24 26 28 30 32 
WATER LOSS(GRAMS) 
21 23 24 26 28 30 
39 43 47 50 54 57 
59 64 69 75 80 85 
78 86 93 100 107 114 
99 108 116 125 134 143 
120 130 141 152 162 173 
141 153 166 178 191 203 
162 177 191 206 220 235 
185 201 218 234 250 266 
207 226 244 262 281 299 
230 251 271 292 312 332 
254 277 299 322 344 366 
278 303 327 352 376 400 
303 329 356 383 409 435 
328 356 385 414 442 471 
353 384 415 446 476 507 
379 412 445 478 511 544 
405 440 476 511 546 581 
431 469 507 544 581 618 
458 498 538 578 617 656 
486 528 570 612 653 694 
513 558 602 646 690 733 
541 588 635 681 727 772 
569 619 667 716 764 811 
598 649 700 751 801 851 
626 680 734 786 839 690 
655 712 767 822 876 930 
684 742 800 858 914 970 
714 774 834 893 952 1,009 
743 806 868 929 989 1,049 
772 837 901 964 1,027 1,088 
802 869 935 1 ,000 1 ,064 1,127 
831 900 968 1 ,035 1 ,100 1,165 
860 931 1 ,001 1 ,069 1 ,137 1,203 
889 962 1 ,033 1 ,103 1 ,172 1,240 
918 992 1 ,065 1 ,137 1 ,207 1,376 
946 1,022 1 ,097 1 ,170 1 ,241 1,311 
974 1,052 1 ,128 1 ,202 1 ,274 1,344 
1,001 1,080 1 ,157 1 ,232 1 ,305 1,376 
1 ,028 1,108 1 ,186 1 ,262 1 ,336 1,407 
1 ,054 1,135 1 ,214 1 ,290 1 ,364 1,435 
1 ,079 1,161 1 ,240 1,317 1 ,390 1,462 
1 ,103 1,185 1 ,265 1,341 
1 ,126 1,208 
20 
19 
36 
53 
71 
90 
109 
128 
148 
168 
189 
210 
232 
253 
276 
298 
322 
345 
369 
393 
418 
443 
468 
494 
520 
546 
572 
599 
625 
652 
679 
706 
734 
761 
788 
815 
842 
868 
894 
920 
946 
970 
994 
,018 
,040 
34 36 38 40 42 44 46 48 50 52 54 
32 34 36 38 40 42 44 46 48 50 52 
61 65 68 72 75 79 83 86 90 93 97 
90 96 101 106 112 117 122 127 133 138 143 
121 128 135 142 149 156 162 170 176 183 190 
152 160 169 178 187 195 204 213 221 230 238 
183 194 204 215 225 236 246 257 267 277 288 
216 228 240 253 265 277 290 302 314 326 338 
249 263 277 292 306 320 334 348 362 376 389 
283 299 315 331 347 363 379 395 410 426 442 
317 335 353 371 389 407 425 442 460 478 495 
352 372 392 412 432 453 471 491 510 530 549 
388 410 432 454 476 497 519 540 562 583 604 
424 448 472 496 520 544 567 590 614 637 660 
462 488 514 539 565 590 616 641 666 692 716 
499 527 555 583 611 638 666 693 720 747 774 
537 567 597 627 657 686 716 745 774 803 832 
576 608 640 672 704 735 766 798 829 859 890 
615 649 684 717 751 785 818 851 884 916 949 
655 691 727 763 799 834 870 905 939 974 1,008 
695 733 772 810 847 885 922 959 995 1,032 1,068 
735 776 816 856 896 935 974 1,013 1,052 1,090 1,128 
776 819 861 903 945 986 1 ,027 1 ,068 1, ,108 1,148 1,188 
617 862 906 950 994 1 ,037 1 ,080 1 ,122 1 ,164 1,206 1,247 
858 905 992 998 1 ,043 1 ,088 1 ,133 1 ,177 1 ,221 1,264 1,307 
900 949 997 1 ,045 1 ,092 1, ,139 1 ,185 1 ,231 1 ,277 1,322 1,366 
942 992 1 ,042 1 ,092 1 ,141 1 ,190 1 ,238 1 ,286 1, ,333 1,379 1,425 
983 1 ,036 1 ,088 1 ,139 1 ,190 1 ,241 1 ,290 1,339 1 ,388 1,436 1,483 
1, ,029 1 ,079 1 ,133 1 ,186 1, ,239 1 ,291 1 ,342 1 ,393 1 ,443 1,492 1,541 
1 ,066 1 ,123 1 ,178 1 ,233 1, ,287 1 ,340 1,393 1 ,445 1 ,496 1,547 1,597 
1, ,108 1 ,166 1 ,223 1, ,279 1, ,335 1, ,390 1 ,444 1, ,497 1, ,549 1,601 1,652 
1 ,148 1 ,208 1 ,267 1 ,325 1 ,382 1, ,438 1 ,493 1 ,547 1 ,600 1,653 1,705 
1 ,189 1 ,250 1 ,310 1 ,369 1 ,427 1, ,484 1 ,541 1, ,596 1, ,650 1,704 1,756 
1 ,229 1 ,291 1 ,352 1 ,413 1 ,472 1, ,530 1,587 1 ,643 1 ,698 1,752 1,805 
1 ,268 1 ,331 1 ,394 1,455 1 ,515 1, ,574 1 ,632 1, ,688 1, ,744 1,798 1,851 
1 ,306 1 ,371 1 ,434 1 ,396 1,557 1 ,617 1 ,675 1 ,732 1, ,787 1,841 1,894 
1 ,343 1 ,409 1 ,473 1 ,536 1 ,597 1, ,657 1 ,715 1 ,772 1, ,827 1,881 1,934 
1 ,379 1, ,445 1 ,510 1, ,573 1, ,634 1, ,694 1, ,753 1 ,809 1 ,  ,864 1,918 1,969 
1 ,413 1 ,480 1 ,545 1 ,608 1,670 1 ,729 1 ,787 1,843 1 ,897 1,950 2,000 
1 ,446 1 ,513 1 ,578 1 ,641 1 ,702 1, ,761 
1 ,476 1 ,543 1 ,608 1 ,670 1 ,731 1, ,789 
1,504 
1,530 
00 
CJl 
Heat flux 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 
Cal./min. 
2,000 54' 56 58 60 62 64 66 68 70 72 74 76 79 81 83 85 87 89 91 93 95 98 100 
2,500 101 104 108 111 115 119 122 126 129 133 137 140 144 147 151 155 158 162 166 169 173 176 180 
3,000 148 154 159 164 169 174 180 185 190 195 200 205 211 216 221 226 231 236 242 247 252 257 262 
3,500 197 204 211 218 224 231 238 245 252 258 265 272 279 286 292 299 306 312 319 326 332 339 346 
4,000 247 256 264 273 281 290 298 306 315 323 332 340 348 357 365 374 382 390 398 406 415 423 431 
4,500 298 308 319 329 339 349 359 369 380 390 400 410 420 430 439 449 459 469 479 489 498 508 518 
5,000 350 362 374 386 398 410 422 434 445 457 469 480 492 504 515 527 538 550 561 572 584 595 606 
5,500 403 417 431 444 458 472 485 499 512 526 539 552 566 579 592 605 618 631 644 657 670 683 696 
6,000 457 473 488 504 519 535 550 565 580 595 610 626 640 655 670 685 700 714 729 744 758 773 787 
6,500 512 530 547 564 581 598 616 632 649 666 683 700 716 733 749 766 782 799 815 831 847 863 879 
7,000 568 588 607 626 645 663 682 701 720 738 757 775 793 812 830 848 866 884 902 919 937 955 972 
7,500 625 646 667 688 709 729 750 770 791 811 831 851 871 891 911 931 950 970 989 1 ,009 1 ,028 1 ,047 1 ,066 
8,000 683 706 728 751 774 796 818 840 863 885 906 928 950 972 993 1, ,014 1, ,036 1 ,057 1,078 1 ,099 1 ,120 1 ,140 1 ,161 
8,500 741 766 790 815 839 863 888 912 935 959 983 1,006 1 ,029 1, ,053 1, ,076 1,099 1, ,122 1 .144 1,167 1 ,189 1 ,212 1 ,234 1 ,256 
9,000 800 827 853 880 906 932 957 983 1, ,009 1,034 1,059 1,084 1 ,109 1 .134 1 ,159 1, ,184 1, ,208 1,232 1,256 1 ,280 1 ,304 1 ,328 1 ,352 
9,500 860 888 917 945 973 1 ,000 1, ,028 1 ,055 1 ,082 1,110 1,136 1,163 1 ,190 1, ,216 1 ,243 1, ,269 1, ,295 1 ,320 1,346 1 ,372 1,397 1,422 1 ,447 
10,000 920 950 981 1, ,010 1, ,040 1 ,070 1 ,099 1 ,128 1 ,157 1,186 1,214 1,242 1 ,271 1, ,299 I ,326 1, ,354 1, ,382 1 ,409 1,436 1.463 1 ,490 1 ,516 1 ,542 
10,500 981 1 ,013 1,045 1 ,076 1 ,108 1 ,139 1 ,170 1 ,201 1 ,231 1,262 1,292 1,322 1 ,352 1 ,381 1 ,410 1, ,440 1, ,468 1 .497 1,526 1 ,554 1 ,582 1 ,610 1 ,637 
11,000 1,042 1 ,076 1, ,110 1, ,143 1 ,176 1 ,209 1, ,242 1 ,274 1, ,306 1,338 1,370 1,401 1, ,432 1 .463 1, ,494 1 ,525 1, ,555 1 ,585 1,615 1 ,644 1 ,674 1 ,703 1 ,732 
11,500 1,104 1 ,139 1, ,174 1 ,210 1 ,244 1 ,279 1 ,313 1 ,347 1, ,381 1,414 1,447 1,480 1 ,513 1 ,548 1 ,577 1, ,609 1, ,641 1 ,672 1,703 1 ,734 1 ,764 1,795 1 ,825 
12,000 1,165 1 ,202 1, ,240 1 ,276 1 ,312 1 ,349 1, ,384 1 ,420 1, ,455 1,490 1,525 1,569 1 ,593 1 ,627 1 .660 1, ,693 1, ,726 1 .758 1,791 1, ,823 1 ,854 1,886 1 ,917 
12,500 1,227 1 ,266 1 ,304 1 ,343 1 ,381 1 ,418 1 ,456 1 ,492 1 ,529 1,565 1,601 1,637 1 ,672 i ,707 1 ,742 1 ,776 1 ,810 1 .844 1,877 1 .  ,910 1 ,942 1 ,975 2 ,007 
13,000 1,288 1 ,329 1 ,369 1 ,409 1 ,448 1 ,487 1 ,526 1 ,564 1 ,602 1,640 1,677 1,714 1 ,750 1 ,787 1 ,822 1 ,858 1 ,893 1 ,927 1,961 1, ,995 2 ,029 2, ,062 2 ,094 
13,500 1,350 1 ,392 1 ,433 1 ,475 1 ,516 1 ,556 1 ,596 1 ,636 1 ,675 1,714 1,752 1,790 1 ,827 1 ,864 1 ,901 1 ,938 1 ,973 2, ,009 2,044 2, ,078 2 ,112 2, ,146 2, ,180 
14,000 1,410 1 ,454 1 ,497 1 ,540 1 ,582 1 ,624 1 ,665 1 ,706 1 ,746 1,786 1.825 1,864 1 ,903 1 ,941 1 ,978 2. ,015 2 ,052 2 ,008 2,124 2, ,159 2 ,193 2 ,  ,228 2 ,  ,261 
14,500 1,471 1 ,516 1 ,560 1 ,604 1 ,647 1 ,690 1 ,733 1 ,774 1 ,816 1,857 1,897 1,937 1 ,976 2 ,015 2 ,068 2 ,090 2 ,128 2 ,164 2,200 2, ,236 2, ,271 2 .  ,306 2 ,  ,340 
15,000 1,530 1 ,576 1 ,633 1 ,667 1 ,712 1 ,756 1 ,799 1 ,842 1 ,884 1,925 1,966 2,007 2 ,047 2 ,086 2 ,125 2 ,163 2,200 2,237 2,274 2, ,309 2, ,344 2 ,  ,379 2 ,  ,413 
15,500 1,589 1 ,636 1 ,683 1 ,729 1 ,774 1 ,819 1 ,863 1,907 1 ,950 1,992 2,033 2,074 2 ,114 2 ,154 2 ,193 2 ,231 2, ,269 2 ,306 2,343 2 ,  ,378 2, ,413 2 ,  ,448 2 ,  ,482 
16,000 1,646 1 ,694 1 ,742 1 ,789 1 .835 1 ,880 1 ,925 1 ,969 2, ,013 2,055 2,097 2,138 2 ,179 2 ,219 2 ,258 2 ,296 2 ,334 2 ,371 2,407 2 ,  ,442 2, ,477 2 ,  ,511 2 ,  ,544 
16,500 1,702 1 ,751 1 ,799 1 ,847 1,894 1 ,940 1 ,985 2 ,029 2 ,073 2,116 2,158 2,119 2 ,239 2 ,279 2 ,318 2 ,356 2 ,393 2 ,430 2,465 2 ,  ,500 2 ,  ,534 2 ,  ,568 2 ,  ,600 
17,000 1,755 1 ,805 1 ,854 1 ,902 1 ,950 1 ,996 2 ,041 2 ,086 2 ,130 2,172 2,214 2,255 2 ,295 2 ,335 2 ,373 2 ,410 2 ,447 2 ,483 2,518 2 ,  ,552 2 ,  ,585 
17,500 1,807 1 ,857 1 ,907 1 ,955 2 ,002 2 ,049 2 ,094 2 ,139 2 ,182 2,225 2,266 2,307 2 ,346 2 ,385 2 ,422 2 ,459 2 ,494 2 ,529 2,563 
18,000 1,856 1 ,907 1 ,956 2 ,005 2 ,052 2 ,098 2 ,143 2 ,187 2 ,230 2,272 2,313 2,352 2 ,391 2 ,428 2 ,465 2,500 2,534 
18,500 1,902 1 ,953 2 ,002 2 ,050 2 ,097 2,143 2,187 2 ,231 2 ,273 2,314 2,353 2,392 2 ,429 2 ,465 2 ,500 
19,000 1,946 1 ,996 2 ,044 2 ,092 2 ,138 2 ,183 2 ,226 2 ,268 2 ,309 2,349 2,387 
19,500 1,985 2 ,034 2 ,082 2 ,129 
CO 
en 
TIME (MINUTES) 
Heat flux 102 104 106 108 110 112 114 116 118 120 125 130 135 
Cal. /min. — — _____ _ — — WATER LOSS (GRAMS) — — — 
2,000 102 104 106 108 110 113 115 117 119 121 127 132 138 144 149 155 161 166 172 178 184 190 196 
2,500 184 187 191 194 198 202 205 209 212 216 225 234 243 252 261 270 280 289 298 307 316 325 334 
3,000 267 272 277 282 287 292 298 303 308 313 325 338 351 363 376 388 401 413 425 438 450 462 474 
3,500 352 - 359 366 372 379 385 392 398 405 411 428 444 460 476 492 508 524 539 555 571 586 602 617 
4,000 439 447 456 464 472 480 488 496 504 512 532 551 571 591 610 629 649 668 687 706 724 743 761 
4,500 528 537 547 557 566 576 585 595 604 614 637 661 684 707 730 753 ' 775 798 820 842 864 886 907 
5,000 618 629 640 651 662 673 684 695 706 717 744 772 798 825 851 877 903 929 954 980 1,005 1,030 1,054 
5,500 709 722 734 747 760 772 785 797 810 822 853 884 914 944 974 1,003 1,032 1,061 1.090 1,118 1,147 1,174 1,202 
6,000 801 816 83 0 844 85 8 872 886 900 914 9 2 8 9 63 997 1,031 1,064 1,097 1,130 1,163 1,195 1,226 1,258 1,289 1,320 1,350 
6,500 895 911 927 942 958 974 989 1,005 1,020 1,036 1,074 1,111 1,148 1,185 1,222 1,258 1,293 1,329 1,363 1,398 1,432 1,465 1,498 
7,000 990 1,007 1,024 1,042 1,059 1,076 1,093 1,110 1,127 1,144 1,185 1,226 1,267 1,307 1,347 1,386 1,424 1,463 1,500 1,538 1,574 1,611 1,646 
7,500 1,085 1,104 1,123 1,142 1,160 1,179 1,197 1,216 1,234 1,252 1,297 1,342 1,386 1.429 1,472 1,514 1,556 1,596 1,637 1,677 1,716 1,755 1,793 
8,000 1,181 1,202 1,222 1,242 1,262 1,282 1,302 1,322 1,342 1,361 1,410 1.457 1,504 1,551 1,597 1.642 1,686 1,730 1,773 1,815 1,857 1,898 1,939 
8,500 1,278 1,300 1,322 1,343 1,365 1,386 1,407 1.428 1,450 1,470 1,522 1,573 1,623 1,672 1,721 1,769 1,816 1,862 1,908 1,952 1,996 2,040 2,082 
9,000 1,375 1,398 1,421 1,444 1,467 1,490 1,512 1,535 1,557 1,579 1,634 1,688 1,741 1,793 1,844 1,805 1,944 1,993 2,040 2,087 2,133 2,178 2,222 
9,500 1,472 1.496 1,521 1,545 1,570 1,594 1,617 1,641 1,665 1,688 1,746 1,802 1,858 1,913 1,966 2,019 2,071 2,121 2,171 2,220 2,267 2,314 2,359 
10,000 1,568 1,594 1,620 1,646 1,671 1,697 1,722 1,746 1 771 1,796 1,856 1,916 1,974 2,031 2,086 2,141 2,195 2,247 2,298 2,349 2,398 2,445 2,492 
10,500 1,665 1,692 1,719 1,746 1,772 1,799 1,825 1,851 1,877 1,902 1,965 2,027 2,087 2,146 2,204 2,261 2,316 2,370 2,422 2,474 2,523 2,572 2,619 
11,000 1,760 1,789 1,817 1,845 1,872 1,900 1,927 1,954 1,981 2,007 2,072 2,136 2,198 2,259 2,319 2,377 2,433 2,488 2,541 2,593 2,644 2,693 2,740 
11,500 1,854 1,884 1,913 1,942 1,971 1,999 2,027 2,055 2,083 2,110 2,177 2,243 2,307 2,369 2,430 2,488 2,546 2,601 2,655 2,707 2,758 2,807 2,854 
12,000 1,947 1,978 2,008 2,038 2,067 2,096 2,125 2,154 2,182 2,210 2,279 2,346 2,411 2,474 2,536 2,595 2,653 2,708 2,762 2,814 2,864 2,913 2,959 
12,500 2,038 2,070 2,100 2,131 2,161 2,191 2,221 2,250 2,279 2,308 2,378 2,446 2,511 2,575 2,637 2,696 2,754 2,809 2,862 2,913 2,962 
13,000 2,127 2,159 2,190 2,222 2,252 2,283 2,313 2,343 2,372 2,401 2,472 2,540 2,606 2,670 2,731 2,790 2,847 2,901 2,953 
13,500 2,212 2,245 2,277 2,309 2,340 2,371 2,401 2,431 2,461 2,490 2,561 2,629 2,629 2,758 2,819 2,877 
14,000 2,295 2,328 2,360 2,392 2,423 2,454 2,485 2,515 2,544 2,574 2,644 2,712 2,777 2,839 2,898 
14,500 2,373 2,406 2,438 2,470 2,502 2,533 2,563 2,593 2,622 2,651 2,721 2,787 2,850 2,910 
15,000 2,447 2,480 2,512 2,544 2,575 2,605 2,635 2,665 2,694 2,722 2,790 2,854 2,915 
15,500 2,515 2,547 2,579 2,610 2,641 2,671 2,700 2,729 2,757 2,784 
16,000 2,577 2,609 2,640 2,670 2,700 2,729 2,757 2,785 
16,500 2,632 
TIME(MINUTES) 
Heat flux 190 195 200 205 210 215 220 225 230 235 240 245 
Cal. /min. WATER LOSS (SRAMS) -
2,000 202 208 214 220 226 232 238 244 251 257 263 270 276 282 289 295 302 308 315 322 328 335 342 
2,500 343 352 361 370 379 388 398 407 416 425 434 443 452 462 471 480 489 498 507 516 526 535 544 
3,000 487 499 511 523 535 547 559 571 583 595 607 619 631 642 654 666 678 689 701 713 724 736 747 
3,500 632 648 663 678 693 708 723 738 752 767 782 796 811 825 839 854 868 882 896 910 924 938 951 
4,000 780 798 816 834 852 870 888 905 923 940 958 975 992 1,009 1,025 1,042 1,059 1,075 1,091 1,108 1,124 1,140 1,156 
4,500 929 950 971 992 1,013 1,033 1,054 1,074 1,094 1,114 1,134 1,154 1,173 1,192 1,212 1,231 1,250 1,268 1,287 1,305 1,323 1,341 1,359 
5,000 1,079 1,103 1,127 1,150 1,174 1,197 1,221 1,244 1,266 1,289 1,311 1,333 1,355 1,376 1,398 1,419 1,440 1,461 1.481 1,502 1,522 1,542 1,561 
5,500 1,229 1,256 1,283 1,310 1,336 1,362 1,387 1,413 1,438 1,463 1,487 1,512 1,536 1,559 1,583 1,606 1,629 1,652 1,674 1,696 1,718 1,740 1,761 
6,000 1,380 1,410 1,440 1,469 1,497 1,526 1,554 1,582 1,609 1,636 1,663 1,689 1,715 1,741 1,766 1,791 1,816 1,840 1,864 1,888 1,912 1,935 1,957 
6,500 1,531 1,564 1,596 1,627 1,658 1,689 1,719 1,749 1,779 1,808 1,831 1,86» 1,893 1,920 1,947 1,974 2,000 2,026 2,052 2,076 2,101 2,125 2,149 
7,000 1,682 1,716 1,751 1,785 1,818 1,851 1,883 1,915 1,946 1,977 2,008 2,038 2,067 2,096 2,125 2,153 2,180 2,207 2,234 2,260 2,286 2,311 2,335 
7,500 1,831 1,868 1,904 1,940 1,976 2,010 2,045 2,078 2,111 2,144 2,176 2,207 2,238 2,268 2,298 2,327 2,356 2,383 2,411 2,438 2,464 2,490 ?,515 
8,000 1,978 2,018 2,056 2,094 2,131 2,167 2,203 2,238 2,273 2,306 2,340 2,372 2,404 2,435 2,466 2,495 2,524 2,553 2,581 2,608 2,634 2,660 2,685 
8,500 2,124 2,164 2,205 2,244 2,283 2,320 2,358 2,394 2,429 2,464 2,498 2,531 2,564 2,595 2,626 2,656 2,686 2,714 2,742 2,769 2,796 2,821 2,846 
9,000 2,226 2,308 2,350 2,390 2,430 2,469 2,507 2,544 2,580 2,616 2,650 2,684 2,716 2,748 2,779 2,809 2,838 2,866 2,894 2,920 2,946 2,971 OO 
9,500 2,404 2,448 2,490 2,532 2,572 2,612 2,650 2,688 2,724 2,760 2,794 2,828 2,860 2,892 2,922 2,952 2,980 ^ 
10,000 2,538 2,582 2,625 2,667 2,708 2,748 2,787 2,824 2,860 2,896 2,930 2,962 2,994 
10,500 2,665 2,710 2,754 2,796 2,837 2,876 2,914 2,951 2,987 
11,000 2,787 2,831 2,874 2,916 
11,500 2,944 
APPENDIX D 
WATER LOSS DATA FOR WATER-CAN FIRE ANALOG DURING TEST FIRES 
4-Inoh by 4-Inoh Crib Fires 
Fire 1 Fire 2 Fire 5 Fire 10 
BT Water loss ET Water loss ET Water loss ET Water loss 
Min. Grams Min. Grains Min. Grams Min. Grams 
3 121 1 63 1 65 5 237 
8 346 6 294 6 274 10 439 
13 560 11 537 11 459 15 637 
18 751 16 732 16 632 20 859 
23 966 21 927 21 793 25 1,069 
28 1,157 26 1,133 26 953 30 1,244 
33 1,323 31 1,328 31 1,102 35 1,442 
38 1,490 36 1,511 36 1,251 40 1,628 
43 1,669 41 1,694 41 1,412 45 1,814 
48 1,860 46 1,889 46 1,597 50 2,001 
53 2,062 51 2,060 51 1,782 55 2,163 
58 2,217 56 2,207 56 1,943 60 2,289 
63 2,348 61 2,354 61 2,080 65 2,403 
68 2,467 66 2,465 66 2,193 70 2,481 
73 2,549 71 2,564 71 2,306 75 2,560 
78 2,632 76 2,638 76 2,394 80 2,626 
83 2,679 81 2,713 81 2,459 85 2,668 
88 2,726 86 2,764 86 2,524 90 2,710 
93 2,772 91 2,804 91 2,577 95 2,741 
98 2,831 96 2,618 100 2,771 
103 2,854 101 2,671 105 2,789 
106 2,712 110 2,807 
111 2,753 115 2,826 
116 2,782 120 2,856 
121 2,799 125 2,862 
126 2,827 
131 2,856 
141 2,914 
151 2,914 
S-Inch by S-Inch Crib Fires 
Fire 4 Fire 5 Fire 6 
ET Water loss BT Water loss ET Water loss 
Min. Grams Min. Grams Min. Grams 
1 216 1 156 1 224 
2 360 2 336 2 420 
3 540 3 564 3 630 
4 684 4 780 4 840 
5 876 5 1,008 5 1,064 
6 1,044 6 1,224 6 1,260 
7 1,212 7 1,428 7 1,456 
8 1,368 8 1,620 8 1,638 
9 1,536 9 1,788 9 1,806 
10 1,680 10 1,932 10 1,974 
11 1,836 11 2,076 11 2,142 
12 1,980 12 2,220 12 2,282 
13 2,124 13 2,352 13 2,450 
14 2,256 14 2,460 14 2,576 
15 2,388 15 2,580 15 2,702 
16 2,520 16 2,676 16 2,828 
17 2,628 17 2,772 17 2,926 
18 2,808 18 2,856 18 2,982 
19 2,892 19 2,940 19 3 ,000 
20 2,952 20 3 ,000 
21 3 ,000 
CO 
5/4-InGh by 5/4-Inch, Crib Fires 
Fire 7 Fire 8 Fire 9 
ET Water loss BT Water loss ET Water loss 
Min. Grams Min. Grams Min. Grams 
1 288 1 399 1 252 
2 531 2 578 2 476 
3 745 3 790 3 700 
4 945 4 1,015 4 952 
5 1,117 5 1,212 5 1,162 
6 1,289 6 1,410 6 1,344 
7 1,434 7 1,565 7 1,526 
8 1,550 8 1,721 8 1,694 
9 1,666 9 1,848 9 1,834 
10 1,770 10 1,947 10 1,946 
11 1,910 11 2,047 11 2,030 
12 1,931 12 2,118 12 2,100 
13 1,991 13 2,176 13 2,170 
14 2,037 14 2,229 14 2,226 
15 2,083 15 2,262 15 2,282 
16 2,129 16 2,306 16 2,324 
17 2,162 17 2,335 17 2,352 
18 2,194 18 2,355 18 2,380 
19 2,212 19 2,394 19 2,408 
20 2,244 20 2,409 20 2,436 
21 2,262 21 2,425 21 2,450 
22 2,281 22 2,440 22 2,464 
23 2,299 23 2,478 
24 2,317 24 2,492 
25 2,502 
o 
ET 
Min 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Pine Needle Fires 
Fire 11 Fire 12 Fire 15 
Water loss ET Water loss ET Water loss 
Grams Min. Grams Min. Grams 
100 1 134 1 60 
161 2 214 2 153 
225 3 283 3 229 
290 4 328 4 306 
338 5 361 5 382 
370 6 39'8 6 422 
395 7 422 7 487 
419 8 447 8 523 
436 9 464 9 564 
456 10 481 10 592 
468 11 494 11 624 
481 12 506 12 645 
493 13 515 13 665 
502 14 520 14 678 
514 15 694 
522 16 706 
17 715 
18 722 
19 731 
20 739 
21 744 
22 752 
APPENDIX E 
HISTORY OF WATER LOSS FROM WATER-CAN FIRE ANALOG DURING TEST FIRES 
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APPENDIX F 
TEMPERATURE GRADIENT UNDER THE WATER-CAN FIRE ANALOG DURING TEST FIRES 
99 
Fire 5 
Average at for Average AT for at for 
Elapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes °C. "C. 
16 3 0 0 
20 9 1 1.5 
25 20 3.5 7.5 
29 28 9.5 13.5 
34 38 14.5 19 
38 49. ,5 18.5 25 
43 63. 5 26.5 34 
Fire 6 
Average at for Average AT for AT for 
Ellapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes IG, °C. "C. 
9 6 1 0 
13 15 3.5 3.5 
18 30 7 9 
22 43 15 17 
26 55 24-5 24 
31 69. 5 37.5 39.5 
Fire 7 
Average AT for Average AT for AT for 
Elapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes "C. °C. 
11 2 0 0 
15 12 0 0 
19 21 4 8 
23 24. 5 8 12 
27 30 14 17 
30 38 17 21 
34 43 19 23 
38 50 21 26.5 
42 54 22 31 
100 
Fire 8 
Average AT for Average AT for AT for 
Elapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes °C. 
8 2 0 0 
12 12. ,5 0 0 
16 22 0 4 
20 31 4 10 
24 39 10 14 
27 47 13 19 
31 53 17 23 
Fire 9 
Average AT for Average AT for AT for 
Elapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes "C. "G. "C. 
12 6 0 0 
16 17 0 2 
21 28 5.5 6 
25 33 8 12 
29 40. 5 12 18 
33 50. ,5 15 21 
38 60 19 23 
apsed 
Minut 
15 
23 
31 
38 
46 
54 
61 
69 
78 
86 
94 
102 
110 
118 
126 
134 
142 
146 
150 
.re 11 
.apsed 
Minut 
4 
8 
13 
18 
22 
27 
Average AT for 
pair 1 and 5 
0-^-
3 
13 
20 
25 
32.5 
41.5 
49 
54 
58.5 
60 
61 
58 
56 
55 
52.5 
44 
36 
32.5 
30.5 
Average AT for 
pair 2 and 4 
0 
2 
10 
14 
15 
19 
20.5 
22 
25 
26 
26 
31 
28 
26 
30 
26 
23 
24 
22 
Average AT for 
pair 1 and 5 
^c7 
3.5 
8 
17 
26 
34 
32 
Average AT for 
pair 2 and 4 
5 
7 
11 
13 
19 
20.5 
102 
Fire 12 
Average AT for Average AT for AT for 
Elapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes "C. " c .  
8 1 0 2 
15 11 2 4 
18 16 4 8 
23 22 8 10 
28 26 10 12 
Fire 13 
Average AT for Average AT for AT for 
Elapsed time pair 1 and 5 pair 2 and 4 pair 3 
Minutes "G. l£i. "C. 
4 3 4 4 
8 5 4 3.5 
11 8 3.5 5 
15 14 5 9 
19 20 9 11 
23 22.5 11 13 
APPENDIX G 
TEMPERATURE GRADIENT DATA (FOR ALL THERMOCOUPLE PAIRS) IN SAND 
BASE DURING TEST FIRES 
.11 o 
1 
4 
7 
11 
14 
17 
20 
24 
27 
30 
33 
36 
39 
42 
46 
49 
52 
54 
57 
59 
62 
65 
67 
70 
73 
76 
80 
83 
86 
90 
93 
96 
Fire 5 
Thermocouple Pair Number 
1 2 3 4 5 6 
at for Thermocouple Set 1 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 1. 5 1.5 1.5 0 0 
1. 5 3. 5 5.5 5.5 1,5 1.5 
7. 5 7. 5 11.5 1.5 7.5 1.5 
9. 5 11. 5 17.5 19.5 9.5 1.5 
18 19 27 29 16 9.5 
27 27 38 41 25 12 
38 41 49 51 33 18 
45 49 64 64 42 25 
58 64 79 79 51 32.5 
69 75 89 91 58 57.5 
80 87 98.5 100.5 67 45 
88. 5 95 105 105 73 51 
96 103 107 108.5 76.5 55.5 
101 107 106 108 79 59 
104 108 117 109 81.5 59 
106 108 118 111 81.5 61 
109 107 111 111 87 61 
109 107 109 109 89 56 
111 107 109 107 86 57 
109 101 107 101 82 55 
107 100 98 99 76 54 
98 96 96 93 73.5 56 
96 90. ,5 88 89 71 50 
92. 5 88 87 77 69 50 
87 85 76.5 80 60.5 48 
80 80 80 79.5 61 42 
78 78 76 79.5 61 39 
74. 5 69 67 70 58 39 
65 69 67 61.5 44 38 
65 62 59.5 61.5 52 35.5 
31 45 25 25 20 13 
ET 
Min. 
1 
5 
8 
13 
17 
21 
26 
30 
35 
39 
44 
47 
52 
57 
62 
68 
75 
79 
84 
88 
93 
97 
102 
106 
111 
115 
_8 
0 
0 
0 
0 
0 
1 
1 
3 
7 
11 
17 
21 
25 
30 
35 
36 
36 
37 
32 
34 
34 
26 
24 
22 
22 
10 
Fire 5 
Thermocouple Pair Number 
1 2 3 4 5 6 
AT for Thermocouple Set 2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 1.5 0 
0 0 0 0 1.5 1. 5 
1. 5 1. ,5 1, .5 1.5 1.5 • 1. 5 
7. 5 5. ,5 7. ,5 9 7 3 
15. 5 1, .5 17. ,5 15.5 15 7 
47. 5 41. 5 47. 5 47.5 24.5 13. 5 
40 44 43 40 36 39. .5 
51 44 53 51 49 31 
64 55. 5 66 64 60 38 
74. ,5 67 87 73 69 45 
87 79 87 85 80 56 
95. 5 87 94 93 84 61 
92 99 94 83 67 
103 95, ,5 ibi 95 90 71 
97 88 91 91 84 64 
95 88 92 90 79 66. 5 
95 84 90 88 75 63 
86 77 86 86 73 60 
81 75 75 78 66 53 
75 69 71 70 62 51 
69 69 69 70 60 48 
69 67 64 62 55 45 
33 24 26. 5 30 35 17 
.11 • 
2 
6 
9 
13 
16 
19 
22 
25 
28 
31 
34 
38 
41 
44 
47 
51 
56 
61 
64 
69 
72 
75 
78 
81 
85 
88 
91 
94 
98 
8 
0 
0 
1 
2 
4 
2 
2 
4 
5 
7 
11 
15 
17 
21 
22 
25 
23 
28 
36 
30 
26 
26 
26 
28 
33 
26 
25 
25 
23 
21 
17 
7 
Fire 5 
Thermocouple Pair Number 
1 2 3 4 5 6 
AT for Thermocouple Set 3 
0 0 0 0 0 -1.5 
0 0 0 0 0 -1,5 
1.5 1.5 0 0 0 -1.5 
0 0 0 1.5 0 0 
0 1.5 1.5 0 2 0 
1.5 1.5 5.5 3 1,5 0 
7.5 9.5 11.5 7 3 1.5 
13.5 15.5 20.5 11 7 1,5 
23 46 33 19.5 13 7 
34.5 38 46 28.5 21 11.5 
46 53 60 38 26.5 17.5 
58 66 75 47 34.5 24.5 
71 80 87 58 42 33 
82 41 98 65 49 38 
90.5 103 107 73 56 44 
100 111 113 79 61 47 
97 113 115 90 67 54 
109 116.5 111 90 66 58 
109 116 113 91 69 51 
99 112.5 109 80 66 51 
99 111 107 79 66 51 
96 100 75 61 53 
94 96 98 73 61 51 
89 92.5 92 71 57 51 
82 89 78 69 53 49 
80 87 76 67 52.5 48 
76 78 75,5 66 48.5 44 
71.5 78 75.5 64 49.5 43 
76 67 70 63 55 37 
67 71 63 49 42 37 
67.5 67.5 59 53 38.5 37 
32 36 29.5 26 16.5 17 
106 
Fire 5 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 4 
2 0 0 0 0 0 1. 5 1.5 1.5 
6 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 
14 0 0 1.5 1.5 1.5 0 1.5 0 
18 3. 5 5. 5 7.5 7.5 7.5 3 1.5 1.5 
25 11. 5 15. 5 19.5 17.5 13.5 5 1.5 1.5 
27 24. 5 28. 5 34.5 30.5 24.5 11 5 5 
33 40 46 51 44 36 19. 5 7.5 9 
37 55 64 69 58 49 28. 5 13.5 11,5 
41 71 80 87 73 62 38 19.5 15.5 
46 89 98 103 87 74.5 47 25 18 
49 98 108 114 94 82 53 27 21 
54 111 120 124 107 93 64 32 17 
59 118 127. 5 135.5 105 96 56 36 25 
65 118 124 128 108 96 62 39.5 23 
71 123 124 127 100 90 71 36 21 
76 111 111 113 97.5 82 63 35 24 
81 105 110 109 92.5 80 63 36 24 
85 100 99 103 86.5 77 61 39 27 
90 96 97 102 82.5 73.5 59 37 27 
94 86 90. 5 89 69 68 51 30 20 
99 80 83 78 64 55.5 47 28 18.5 
103 74 71 70 56 50 40. 5 28 11.5 
108 72 62 68 52 46 39 26 11.5 
112 67. 5 56 67 47.5 42.5 37 26 11.5 
116 61 29 28 19.5 15.5 15 10 10 
ET 
Min 
2 
5 
7 
10 
13 
16 
19 
22 
25 
28 
31 
34 
37 
41 
44 
47 
50 
54 
57 
60 
64 
67 
70 
73 
76 
79 
83 
86 
89 
92 
95 
8 
2 
2 
2 
0 
1 
3 
5 
9 
13 
17 
19 
24 
29 
31 
30 
30 
32 
32 
32 
31 
31 
29 
27 
27 
25 
25 
25 
21 
21 
19 
Fire 6 
Thermocouple Pair Number 
1 2 3 4 5 6 
AT for Thermocouple Set 1 
2 0 0 0 2 0 
2 0 0 0 2 0 
2 0 0 0 2 0 
2 0 1.5 1.5 2 0 
5 5 5 5 3.5 0 
7 11 11 11 7 1. 5 
15 21 19 19 9 3 
22 30 30 26 15 7 
34.5 44. 5 41.5 37.5 22 11 
46 59 55 49 30.5 19 
59.5 73 70 62 39.5 24. 5 
71 86 82 75 69 34. 5 
84 98 95 87 58 41 
116 113 108 102.5 69 49 
111 122 117 107 73 56 
112 123 118.5 110 76 58 
109 118 113 110 80 59 
110 122 113 110.5 83 59 
109 115. 5 108.5 108 85 60 
104 113 108.5 108 83.5 58 
103 110. 5 107 97.5 85 67 
103 107 103 93 79 56 
94 98 94 89 75 53. 5 
89 88. 5 83 85 71 51. 5 
83 86 78 84 70 47 
83 83 74.5 80 64 45 
82 75 72 74 61.5 43 
69 69 67 71.5 59.5 40 
61 62 65 70 55 38 
60 62 61 66 50.5 37 
56 58 56 71 48.5 33 
ET 
Min 
2 
6 
10 
14 
19 
23 
27 
32 
37 
42 
48 
53 
58 
63 
68 
73 
78 
84 
89 
93 
98 
8 
0 
0 
0 
0 
1 
3 
5 
7 
11 
14 
14 
14 
13 
15 
13 
13 
13 
11 
11 
9 
9 
Fire 6 
Thermocouple Pair Number 
1 i 3 4 5 6 
AT for Thermocouple Set 2 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 1.5 1.5 0 0 
3 3 5 5 3 1.5 
15 11 15 15 9 3 
28.5 20.5 26.5 28.5 17 7 
49.5 36 43 43 26.5 13 
73 53 62 62 43 20.5 
98 74.5 85 84 56 33 
119 96 105 100.5 74.5 40 
128 112 118 116 91 50 
135 122 126 114 92.5 54 
129 115 116 116.5 90 56 
124 111 113 109 86 54 
113.5 102.5 102.5 106 82 52 
107 98 100 104 77 48 
103 92 93 93 71 45 
92 82 87 89 65.5 43 
78 76 84 78 60 39 
76 70.5 74 71 55 34 
70 68 70 56 51 31 
109 
Fire 6 
ET 
y. Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 3 
1 0 0 0 0 2 0 0 2 
3 0 0 0 0 2 0 0 2 
6 0 0 0 0 2 0 0 2 
9 0 1.5 1.5 0 2 0 0 2 
12 3 5 5 3 2 0 0 2 
15 9 13 13 7 3.5 0 2 
17 19 24 22 15 5 3 1.5 3.5 
20 30 37.5 36 22 11 5 1.5 5 
23 44. 5 52.5 49.5 32.5 15 11 5 7 
26 57 70 66 44 19.5 17 7 9 
29 88 85 57 27 22. 5 13 13 
32 89 104 99 66 34 88. 5 15.5 13 
35 102 122 112.5 78 44 36 20.5 19 
38 114 137 121 92 51.5 45 25 20.5 
42 121. 5 144 133 96 61 49 29 21 
46 149.5 141 108 71 54 32 25 
49 127 149 134.5 IIG 72 54 32 23 
52 128 143.5 138 105 74 57 35 25 
55 116 138 127 102 80.5 58 34 25 
59 112 134 127 95.5 79 56 34 25 
62 112 130 125 93 78 54 34 25 
65 109 115.5 119 95 75 50 33 25 
68 101 112 110 89 72 50 31 23 
72 92. 5 108 99.5 78 66 48 30 23 
75 90 104 97 76 60 46. 5 30 23 
78 83 101 88.5 74 58 45 28 21 
81 76 87 81.5 67.5 55 43 28 21 
84 67 81 76 52 39 26 19 
87 62 75.5 72 66.5 50 39 26 19 
90 62 70 61 59 46 32 24 19 
93 56 61 59 57 44 32 23 17 
96 54 61 56 49 42.5 31 23 15 
110 
Fire 6 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 4 
4 0 0 0 0 0 0 0 0 
8 0 0 1.5 1.5 1.5 0 1. 5 0 
12 3 3 5 3 3 1. 5 1. 5 1.5 
16 11 13 15 11 7 3 1. 5 1.5 
20 24.5 30.5 32.5 24.5 17.5 7 3 3 
25 47.5 51 55 34.5 30.5 13. 5 7 5.5 
29 68 77 81 60 44 22. 5 9. 5 9.5 
33 93 104 108.5 82 60 34. 5 17. 5 15.5 
39 118 127 134 109 80 49 25 19 
43 136.5 139 150 121 92 58 30. 5 23 
50 141 142 156.5 123.5 97.5 63 32 23 
55 146 140 145 111 95.5 63 36 25 
60 128 131 140 110 91.5 64 34 23 
65 112.5 125 127 99.5 86 61 33 22.5 
70 107 106 117.5 95 81 57 32 22.5 
75 103 99 112 89 73 52. 5 30 22.5 
80 93 91.5 94 84.5 72 49 28 18.5 
85 78 85 83 67 61 44. 5 26 16.5 
90 74.5 79 76 53 55 40 24 16.5 
95 68 64 71 51 50.5 37 24 16.5 
99 66.5 58 66.5 46 44 35 22 15.5 
Ill 
Fire 7 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 1 
4 0 0 0 0 0 0 1.5 0 
7 0 0 0 0 0 0 1.5 0 
11 2 0 2 4 0 0 1.5 0 
14 6 6 8 12 6 2 1.5 1.5 
18 14 16 19 25 16 8 7.5 5.5 
22 27 30.5 32 42 31 16 12 12 
24 34 40 42 51 38 21 16 12 
27 47 53.5 58 67 51 30.5 21 14 
31 60 69 71 80 60 40 25 17 
35 73 79 81 89 69 45 28.5 19 
38 79 87 87 93 73 49 30 21 
41 85.5 91 89 92 74 50 33 23 
45 87 93 88 90 74 52 34 23 
49 88 91.5 89 89 72 52 34 23 
52 87 90 85 85 68 53 32 21 
56 83 84 80 80 66 49 31 23 
59 80 82 78.5 74 62.5 47 31 21 
62 79 79 74 71 59 43 30 26 
66 75 73 72 66 55 43 28 19 
69 71 69 67 66.5 52 41 28 19 
73 67 64.5 62 59 50 37 25 19 
76 64.5 62.5 58 57 46 33.5 25 15 
80 38 34.5 33 28.5 26 19 16 9 
ET 
Min. 
1 
5 
8 
12 
16 
20 
24 
28 
31 
35 
39 
43 
46 
50 
54 
58 
. 61 
67 
72 
76 
79 
112 
Fire 7 
Thermocouple Pair Number 
AT for Thermocouple Set 2 
-2 0 0 0 0 0 0 0 
0 0 0 2 0 0 0 0 
0 0 0 2 0 0 0 0 
0 2 2 4 2 2 0 0 
8 6 6 8 8 4 4 2 
17 16 17 17 18 10 10 6 
32 27 31 31 27 19 18 12 
49 42 45 45 42 27 25 18 
64 56 56 58 53 36 32 21 
75 69 71 69 62 45 38 23 
85 79 78 78 69 51.5 41 27 
93 87 87.5 84 74 49 43 26.5 
95 90 89 87 74 54 45 26 
97 91.5 90 85 74 56 45.5 26 
96 90 88.5 84 72 54 43.5 26 
92 90 86 83 70.5 52 41 24 
91 87 84 79 67 50 39 24 
88 86 78.5 75 65 48 35 24 
80 76 73 68 59 43 34.5 21 
73 71 66 55 41 32.5 21 
42 40 36 33 27.5 20 14.5 11.5 
ET 
Min 
2 
6 
9 
13 
16 
20 
25 
29 
33 
36 
40 
44 
47 
50 
54 
57 
61 
64 
67 
71 
74 
77 
81 
Fire 7 
Thermocouple Pair Number 
1 2 3 4 5 6 
AT for Thermocouple Set 3 
0 0 1.5 0 1.5 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 2 2 2 1.5 0 
8 8 10 6 3.5 1.5 
15 19 21 16 10 8 
37 44 42 32.5 23 19 
49 60 58 45 34 29 
63 77 73 56 43 39 
73 89 83 65 53.5 45 
79 98.5 90 72 56 47 
85 105 96 76 61 50 
89.5 108 99 78 64 54 
92 106 98 77 97 54 
92 105 96 106.5 65 54 
89 105 96 74 91.5 54 
88 99.5 92 71 88.5 50 
86 95.5 71 59 48 
84 91.5 68 57 46 
78 88.5 83 64 53 44.5 
73.5 83.5 81 89 49 43 
73 82 87 47 41 
44 47.5 35 26 24 
114 
Fir© 7 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 4 
2 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 
10 -2 0 0 2 0 0 0 0 
14 0 4 6 6 4 0 0 0 
18 10 12 17 16 12 6 4 4 
22 21 27 34 29 25 23 10 10 
25 36 42 53 47 38 25 16 18 
29 51 60 71 62 53 34 23 23 
34 73 86 73 64 44 29 29 
36 75 83 94 81 71 51 34 30.5 
40 81 91 101 87.5 76 56 38 34 
44 89 94 101. ,5 89 77 58 39 36 
48 93.5 103 87.5 78 58 39 36 
51 89 92 99 84.5 76 59 41 34 
55 89 94 81 74 56 41 34 
59 86 88 89 75 70 56 39 32 
63 83 83 86 71 65 54 38 32 
69 75 75 77 65.5 59 46 34 29 
73 68.5 71 59 54 44 32 29 
77 69 66 67. 5 55 49 40 30 25 
81 47 33.5 31 26 26 21.5 16 18 
ET 
Min. 
1 
4 
7 
12 
15 
19 
22 
25 
29 
36 
40 
44 
49 
52 
55 
59 
63 
67 
70 
74 
77 
115 
Fire 8 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
AT for Thermocouple Set 1 
0 0 0 0 1.5 1.5 0 0 
0 0 0 0 1.5 1.5 0 0 
2 0 0 0 1.5 1.5 0 0 
2 2 2 4 1.5 1.5 0 0 
8 8 12 14 7.5 0 3. 5 1.5 
16 19 23 27 17.5 10 7. ,5 5.5 
29 34 42 25 29 21 16 13.5 
42 64 49 36 33 27 23 24.5 
54 84 64 49 42 38 31 33 
67 98 80 60 51 47 40 38 
78 89 92 96 76.5 58 42 32.5 
85 97. ,5 98 101 80 63 47 34 
87 96 97 97 82 65 49, ,5 37 
87.5 95 95 95 80 64 48 35 
86 92 90 92 78 63.5 48 34 
86 88 85 88 76 59.5 45 32 
82 82 82 82 72 57.5 43 32 
77 75 77 76.5 67 53.5 41 30 
74 71 73 72 63 51.5 39 28 
71 69. ,5 68 69 58 48.5 35 28 
66 66 65 64 55 47 33 25 
ET 
Min 
1 
5 
9 
13 
17 
21 
25 
28 
32 
37 
41 
45 
49 
53 
57 
61 
65 
70 
8 
0 
0 
0 
4 
8 
14 
16 
19 
21 
23 
23 
23 
22 
24 
18 
18 
16 
Fire 8 
Thermocouple Pair Number 
1 2 3 4 5 6 
AT for Thermocouple Set 2 
0 0 0 0 0 0 
0 0 -2 0 0 0 
2 0 0 0 2 0 
6 4 4 4 6 2 
14 10 12 14 12 6 
29 23 25 27 23 14 
44 39 39 44 36 21 
60 53 55.5 56 49 30.5 
73 67 67 73 60 40 
81 78 61 83 71 45 
87.5 85.5 87.5 90 76 50 
91.5 89.5 91.5 93.5 78 52 
88 90 92 93 80 53 
88.5 90 90 72 75. ,5 52 
85 84 87 86 72 50 
78 81 82 80 68 46 
77 77 79 75.5 62. ,5 44 
71.5 71 73 72 60. .5 42.5 
117 
Fire 8 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple 3 
2 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 
13 2 6 4 4 3.5 0 0 1.5 
17 10 16 14 10 7.5 3. 5 3.5 5 
21 23 34 25 19 16 12 10 11.5 
24 36 57 42 33 25 21 19 20.5 
28 55 58 66 69 49 36 27 21 
31 64 73 80 84 62 45 32 27 
39 74.5 85 89 93 73 55. 5 42 31 
42 81 110 92 91 60 56 47 47 
47 89 116 100 80 66.5 59 50 49 
51 89.5 113 99 80 67 59 52 49 
54 86 110 97 77.5 65 62 50 47.5 
57 87 108 94 75 63 58 39 48 
61 84.5 100 89 74 61 56 49 44 
65 78.5 97 86 70 59 54 45 43 
69 75.5 89 83 66 56 50 43 41 
73 71.5 84 77 64 51 46. 5 41 38.5 
76 68 80 75 59 51 44. 5 37 38.5 
79 66 75.5 69 59 48 43 37 36.5 
118 
Fire 8 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple 4 
2 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 
10 0 2 6 2 4 0 0 0 
14 6 12 19 12 12 6 0 2 
18 17 31 42 27 27 16 6 8 
22 31 49 64 44 42 27 12 14 
26 42 67 86 58 57.5 38 19 19 
30 56 83 100 73 69 47 25 25 
34 69 92 108. 5 81 78 54 28.5 29 
38 76 99. 5 113 85.5 81 60 32 30 
42 82 99 110 83.5 83 60 35 30 
46 83.5 97 108 83 83 58 36 30 
50 83 99 106 83 78 60 36 30 
54 83.5 93 102. ,5 82 72 58 36 26 
58 79 88 91 77 70 53 32 34 
62 73 73. ,5 79 65.5 61 48 30 26 
66 69 72 71 59 55 46 30 25 
71 68 64 66. ,5 55 51 42 28 25 
Mln 
1 
4 
7 
10 
13 
17 
SO 
23 
26 
S9 
32 
35 
39 
42 
45 
48 
51 
54 
58 
61 
64 
67 
8 
0 
0 
0 
1 
1 
5 
9 
15 
19 
25 
27 
29 
32 
32 
33 
28 
28 
30 
27 
27 
25 
25 
Fire 9 
Thermooouple Pair Number 
1 2 3 4 5 6 
AT for Thermooouple Set 1 
0 0 0 0 1. ,5 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
2 2 2 0 0 0 
6 8 8 6 2 2 
18 21 19 14 8 6 
31 34 33 25 16 12 
46 55 49 38 27 21 
64 75 66 53 38 31 
80 91 82 67 49 41 
93 104.5 94. 5 80 58 45 
104 112 103 89 67 51 
113 111 108 104 73 56 
109. 5 122.5 . 111 97 78 56 
113 116 110 103 80 57 
110 113 106 99 75 59 
108. 5 109 104 95 75. ,5 61 
97 97 93. 5 92 57 54 
93 93 93 88 58 48 
89 89 84 84 67 46 
80 78 76 82 60 42 
76 76 71 69 59 40 
Firs 9 
120 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. at for Thermocouple Set 2 
0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 -1.5 
13 4 4 4 2 2 0 0 -1.5 
17 12 16 14 10 6 5.5 2 1.5 
22 25 29 29 21 16 10 10 6 
26 46 49 46 36 29 21 19 12 
30 62 67 64 53 40 31 29 17 
34 78 83 78 67 53 40 36 23 
39 92 96 91 79 65 47 43 28.5 
44 99 97 95 68 69 50 45 28 
49 97 96 93.5 87.5 71 52 45.5 31 
55 94 89 88 83 68 50 43 28 
61 87 86 85 78 63 48 41 28 
65 84 84 77 74 59 46 37 27 
121 
Fire 9 
Thermocouple Pair Number 
BT 1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 3 
2 0 0 0 1.5 0 0 0 1.5 
5 0 0 0 1.5 0 0 0 1.5 
8 0 0 0 1.5 0 0 0 1.5 
12 2 4 4 3.5 0 0 0 1.5 
15 6 12 14 5.5 3.5 0 0 3 
19 16 27 29 15.5 7.5 3. .5 3. ,5 5 
B8 25 46 46 21 13.5 11. .5 8 11 
25 38 64 64 34.5 20.5 19. .5 16 17 
28 51 84 81 46 31 27 25 22.5 
31 66 100 97 58 41 38 32. ,5 28.5 
34 78 112. 5 108 69 47 46 36 34.5 
37 87 129. 5 124 78 54 53 41 38 
40 97,5 126 123,5 89 61 56 47 21 
44 101 128 114 92 65.5 58 49. 5 41 
47 103 125 113 83 67 59 48 41 
50 97 124 119 86 65 53. ,5 45 43 
53 104 124 105 83 59 52. ,5 45 43 
56 95 113 104 86 62.5 54 47 37 
59 93 98 95.5 75.5 61 52 43 33 
62 82 98 93 75 56 48 41 33 
65 78 92 87 68 53 46. ,5 39 32 
66 85 89 82.5 64 50 53 35 28 
Min 
2 
6 
10 
15 
19 
23 
27 
32 
36 
41 
46 
51 
57 
62 
66 
8 
0 
0 
0 
2 
8 
18 
25 
34 
40 
41 
41 
39 
35 
34 
30 
I 
Fire 9 
Thermocouple Pair Number 
1 2 3 4 5 6 
AT for Thermocouple Set 4 
2 0 0 0 0 0 
2 0 0 0 0 0 
2 2 4 2 2 0 
12 16 19 14 10 4 
27 34 41 31 23 14 
51 62 69 53 44 29 
77 89 97 76. 5 66 44 
96 108.5 120 106 82 60 
113 125 140.5 112 98 71 
121 130 130 116 99 76 
124 125 137 111 97 76 
113 122 126 107 95 72 
110 109 115 95 81. 5 70 
97 102 97.5 81. ,5 78. 5 60.5 
91 91 90.5 73 66 56 
ET 
Min. 
1 
4 
7 
10 
14 
17 
21 
24 
28 
31 
35 
38 
42 
46 
50 
55 
59 
65 
70 
75 
79 
84 
91 
97 
102 
106 
111 
119 
124 
128 
132 
135 
139 
143 
146 
123 
Fire 10 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
AT for Thermocouple Set 1 
0 0 0 0 1.5 0 0 0 
1. 5 0 0 0 0 0 0 0 
1. 5 0 0 0 0 0 0 0 
1. 5 1. ,5 1.5 0 0 0 0 0 
2 5. ,5 5.5 3.5 1.5 0 0 0 
6 9. ,5 11.5 5.5 3 0 0 0 
10 15. ,5 17.5 .7.5 3 0 0 0 
16 23 23 10 5 0 1. ,5 0 
23 29 31 16 7 1. ,5 1. ,5 1. ,5 
31 36 36 21 7.5 1. 5 1, ,5 1. ,5 
39 45 44 25 9.5 1. 5 1. .5 1. ,5 
43 51 51 29 13.5 3. 5 1. .5 1. ,5 
49 58 54 36 15.5 5. 5 3. ,5 3. ,5 
56 63 61 40 18 4 3, ,5 3. .5 
61 69 67 41 21 6 5. ,5 5, .5 
68 76 73 47 21 8 4 5, ,5 
72 81 78 52 23 8 6 7. ,5 
73 84 77 57 29 7 4 4 
84 88 84 57 36 11 4 8 
82 92 85 68 36 8 2 
84 82 88 67 36 8 4 4 
86 86 88 65 35 13 4 0 
74 82 85 67.5 32 19 7 8 
83 76 85 67.5 24 -6 8 
80 72. ,5 71 66 32 -4 8 
70 72 65 64 34 11 8 6 
70 67 63 53 32 9 8 10 
57 61 61 55 30 11 8 8 
56 60 58.5 49 30 15 2 2 
54 56 54 44 32,5 8 7 5 
51 49 54.4 44 18 4 7 7 
49 48 52.5 46 28.5 9 2 11 
49 48 52.5 41 28.5 8 2 4 
49 42 50 41 18 0 2 13 
49 40 43 39 18 13 2 13 
124 
Fire 10 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 2 
1 0 0 0 0 0 1.5 0 0 
5 0 0 0 0 0 1,5 0 0 
9 0 0 0 0 0 1.5 0 0 
12 2 2 0 0 0 1,5 0 0 
16 6 4 2 2 0 1.5 1. 5 0 
20 12 8 6 4 0 1.5 1. ,5 0 
24 16 14 10 6 2 1,5 1. ,5 0 
28 23 19 16 10 4 1.5 1. ,5 0 
32 29 25 17 12 6 3,5 1. 5 1. 5 
36 36 30.5 23 16 6 3.5 3. 5 1. 5 
40 43 37 27 17 8 , 3.5 3, ,5 1, 5 
43 49 41 32 21 10 5.5 2 3. 5 
47 52 45 36 25 12 4 4 3. 5 
50 59 52 41 28. 5 14 6 4 2 
55 65 55 45 32 16 6 4 4 
59 71 62 48 36 17 8 6 4 
62 74 65 52 38 17 8 6 4 
66 78 68 58 41 21 8 6 6 
70 81 72 61.5 45 21 8 8 6 
74 64. 5 73.5 63 46 25 10 6 6 
79 86. 5 78.5 66 49 25 10 8 6 
83 89 78 70 52 26 10 8 6 
87 83 82 63 56 26 10 10 8 
91 93 81,5 70 48 26.5 8 9. ,5 7. .5 
95 94 85 69 54 35 12 9. ,5 9 
99 97 86 68 56 33 12 6 9 
102 97 86 71 57. 5 31 14 6 9 
107 93 79 71 58 31 10 6 9 
111 93 79 70 56 31 10 9. ,5 9 
115 89 77 70 56 31 10 9. ,5 9 
119 87 75 69 51 30 10 6 9 
122 87 75 64 49 28 10 9. .5 9 
127 85 73 57 49 28 12 9. ,5 9 
131 83 70 55 49 28 12 6 9 
135 80 70 57 47 28 15 6 9 
139 74 62 57 43 28 11 6 9 
143 68. 5 58 53 42 28 11 6 2 
146 63. 5 56 51 24 28 11 6 9 
150 63. 5 56 51 24 23 11 6 9 
ET 
Min. 
2 
5 
9 
12 
16 
19 
22 
26 
29 
33 
37 
40 
44 
48 
52 
57 
61 
63 
67 
72 
77 
81 
86 
89 
94 
99 
104 
109 
114 
116 
121 
126 
130 
133 
137 
141 
144 
148 
125 
Fire 10 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
AT for Thermocouple Set 3 
0 0 0 10 2 0 -10 2 
-1. 5 0 0 10 6 4 -10 2 
0 1.5 0 10 0 0 -12 2 
0 3 1. ,5 12 2 0 -12 2 
3. ,5 9 7 13.5 2 0 -12 0 
9. 5 17 13 15 2 0 -10 2 
15. 5 26 19 17 4 0 -10 2 
22. 5 36 26 21 4- 0 -10 2 
31 45.5 34. ,5 25 6 2 -10 2 
38 53 40 27 6 2 -10 2 
45 62 46 31 6 2 -10 2 
51 67 51 34 10 2 -10 4 
58 79 58 38 12 4 -10 4 
65 85 65 42 14 6 -10 4 
70 90 70. .5 45 15.5 6 -12 4 
78 96 76 51 15 8 -10 6 
81 101 82 54 19 8 -10 
86 98 88 56 17 8 -9 6 
76 109 88 60 28 4 -7.5 8 
92 111 96 60 32 4 -4 10 
86 119 109 71 30 4 -5.5 8 
100 111.5 93 72.5 28 4 -5.5 10 
95 113 93 70 36 12 -5.5 8 
93 107 91. 5 63 36 6 -5.5 8 
97 101.5 90. ,5 61 27 12 -3.5 10 
90 99.5 88. ,5 65 31 12 -5 10 
90. 5 94 86. ,5 66 32 12 -5 8 
81 86 83 57 29 12 -5 10 
80 86 69 61 27 11. 5 -5 8 
68 84 69 57 27 11. ,5 -5 8 
61 80 58. ,5 46 27 9. 5 -5 8 
62 69 54.5 46 23 13 -9.5 8 
60 67^ 52. ,5 46 21 7. 5 -7.5 9, 5 
56 58 56 44 19 5. 5 0 7. 5 
54 53.5 50. ,5 44 19 5. 5 -6 9. 5 
52 53.5 49 43 19 11 -13 9. 5 
52 53.5 49 40.5 19 11 -11 6 
52 60.5 49 40.5 19 15 -9.5 6 
126 
Fire 10 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 4 
2 0 0 0 0 0 1. 5 1.5 1, .5 
6 0 0 0 0 0 1. 5 1.5 1. ,5 
10 0 1. 5 1. 5 0 0 1. 5 1.5 1, ,5 
14 2 3. 5 5. 5 1. ,5 0 1. 5 1.5 1, ,5 
18 4 9. 5 8 5. ,5 1.5 1. 5 1.5 1, .5 
22 10 14 16 9. .5 1.5 1. 5 1.5 1, ,5 
26 16 23 23 2 3.5 1. 5 1.5 1. ,5 
30 23 29 29 16 5.5 3 1.5 1, .5 
34 31 36 36 19 7.5 3 1.5 3 
37 36 43 42 21 7.5 3 3 3 
41 43 47 47 25 10 5 3 1. ,5 
44 49 54 53. ,5 29 12 5 3 1. ,5 
48 52 59 56 32 14 7 3 3, ,5 
52 59 65 63 36 16 7 5 3, ,5 
56 63 71 68. 5 39 16 7. ,5 5 3, ,5 
60 69 74 73 41 17 7. ,5 5 5, .5 
64 72 77. 5 76 43 19 9, .5 5.5 5, ,5 
68 76 81 79. ,5 46 19 11. 5 5.5 5. .5 
72 79 87 85 53 23 11. 5 5.5 7. .5 
76 82.5 87 90 54 23 12 7.7 6 
80 86 87 86. 5 57. .5 24.5 14 7.7 8 
84 90 90 83 59 26 16 7.7 8 
88 82 94 87 59 28 14 8 8 
93 101 89 58 25 17 9 9 
97 92 98 93 58 25 17 9 9 
101 93 95 92 57 24.5 13 5 11 
105 89 91 86 57 26 15 11 11 
109 86 89 86 47 28 15 13 13 
113 84 87 84 47 28 15 13 13 
116 82 85 77 47 31 15 13 13 
120 82 73 43 26 15 11 11 
124 78 78 71 41 22 17 11 11 
128 76 74 71 39 22 12 7.7 11 
132 71 70. 5 62 36, .5 20 12 7.7 11 
136 67 70 58 35 18 12 6 11 
140 64 57 58 34 17 12 9 11 
144 58 57 56. ,5 34 13.5 12 9 11 
148 58 56 54. ,5 34 12 10 9 11 
152 54 53 34 12 8 9 11 
127 
Fire 11 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 1 
0 0 0 0 5 0 0 2 2 
4 0 0 2 5 13 23 25 25 
6 23 36 39. ,5 56 53 51 38 28 
9 63 82 86 99 80 64. 5 41 30 
12 82 100. 5 104. .5 109.5 88.5 63. 5 37. .5 28 
15 88 103 104. ,5 106 85 59. 5 34. .5 26 
18 86 95 95 97 77 53 31 22.5 
21 80 87 85 83 67 45 27 20.5 
24 70.5 72 70 68 54 38 25 18 
28 60 61, ,5 61. ,5 58 46 32 21 16 
31 54 54 52 50 41 29 17 14 
34 49 48 45 43 36 24 15 12 
37 41 41 39 37 30 20 13 12 
40 39 37 35 32.5 27 18. ,5 13 8 
43 34.5 33 28 28 25 17 11 10 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 2 
0 0 0 0 0 0 0 0 0 
5 0 3.5 8 23 26 24 26 13 
9 3.5 62 73 92 75 51 38 21 
14 19 88 95 103 81 53 36 19 
19 32 80 86 85 69 45 31 17.5 
24 36 63 65 63 50 34 23 14 
28 38 52 54 52 42.5 28 19 12 
32 36 47 47 43 34 24 17 10 
36 32 39 37 36.5 30 20.5 15 10 
41 28 32 30 28 25 19 11 8 
128 
Fire 11 
IT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT f,pr Thermocouple Set 3 
2 0 2 2 0 2 5 13 15 
5 2 7 15 5 25 51 40 28 
8 28 62 71 32 60 71 49 30 
11 67 111.5 113 60 75 71 47 30 
14 90 131.5 124.5 73 75 62 43 26 
16 95 130 118.5 75 69 57.5 38 22.5 
19 93 118 105 71 62 47 32 19 
22 84 103 94 65 54 41 29 18 
26 74 86 74 54 45.5 34 25 16 
29 64 72 63 47 38 30 21 14 
32 56 63 54 41 32 24 19 12 
35 49 54 46 37 28 20 17 12 
38 43 48 41 32.5 25 16.5 15 12 
41 39 40 35 28 51 15 11 10 
44 35 35 29 24 20 13 9 10 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 4 
2 0 0 2 3.5 11 7 3. 5 7 
7 7 58 93 82 73 41 21 17 
11 87.5 113 129.5 99 76.5 47 24 19 
16 97 108 111 82 64 43 24. 5 17 
21 82 85 85 61 50 36 21 13. ,5 
26 63 64 60 47 35 28.5 17. 13. ,5 
30 52 52 50 36 32 25 16 10 
33 45 43 41 30 24 21 16 10 
38 37 33 32 23 20 17 12 8 
42 32 28 28 19 16.5 15 12 8 
129 
Fire 12 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. at for Thermocouple Set 1 
0 0 -2 -2 -2 -2 0 0 0 
3 0 -2 2 10 19 29 19 23 
6 23 30 47 62 66 68 44 34 
9 64 79 89 91 78.5 75 47 34 
12 89 109 112 96. .5 77 69 45 30 
15 98 118 112 90. 5 73 59 41 28.5 
18 96 110 110 83 59 52 35 19 
21 90 108 97 65 57 48.5 26 26 
23 83 95 88 63 62 38.5 28 19 
26 75.5 89 81 58 43 34 24 17 
29 66.5 74 68.5 48 35 28 20 15 
33 57 65 57 42 32.5 26 18 13 
35 50 56 50 35. ,5 28 21 16.5 11 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 2 
0 2 0 -2 -2 -2 0 0 0 
4 2 6 13 33 33 32 28.5 10 
9 7 54 69 75 58 47 32 15 
14 26 83 88.5 76 54 43 28 11 
19 37 83 87 67 45 33 20.5 11 
24 43. ,5 72 72 54 36 27 15 9 
29 41 59 58 42 30 21 13 8 
33 39 49 49 35 24 17 11 8 
37 36. ,5 43 41 27.5 19 15 9 6 
130 
Fire 12 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 3 
2 0 -2 -2 -2 0 0 0 2 
7 4 13 34 30 25 34 25 21 
8 38 67 93 69 53 49 32 25 
10 73 107 122 85 60 51 30 27 
14 91 122 130 89 58 45 32 22 
17 96 119 124 79 56 39 25 22 
20 93.5 110 95 63. 5 51.5 33 19 18.5 
25 77 89 77.5 55. 5 37 27 19 15 
27 68.5 76 63 46 34 24 17 13 
30 61 65 55 38. ,5 28 21 15 13 
33 50 54 45 33. ,5 24 17 11 11 
37 44 46 39 28 20 15 11 9 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 4 
1 -2 -2 0 0 0 6 4 4 
6 34 69 104 80 65 51 23 15 
11 76 107 127 111 78 54 25 15 
16 74 94 107 95.5 66,5 45 23 15 
21 63 70 79 70 52 37 19 13 
26 51 54 59 52 39 29 15 10 
31 39 42 44.5 37 32.5 25 11 10 
35 30 31 34 27 24 19 11 10 
39 27 26 27 21 20 15 9 8 
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Fire 13 
Thermocouple Pair Number 
ET 1 2 3 4 . 5 6 7 8 
Min, AT for Thermocouple Set 1 
1 0 0 0 0 0 2 2 2 
3 2 5 7 9 5 17 13 11 
5 4 7 19 26 21 28 15 11 
7 50 66 88 88 56 43 21 13 
10 82 104. 5 112.5 104.5 61 39 21 13 
13 98.5 115 114.5 95 63 39 19 19 
16 102 111 100 83 52 38 17 4 
19 98 96 85.5 61 50 32 17 4 
S2 83 83 56 43 26 11 6 
25 72 78 59 43 36 24 19 6 
28 70 72 54 39 30 19 13 4 
31 61 61 52 31 32 17 13 4 
34 52 48 40.5 30 23 14 9.5 7 
37 47 43 34 26 21 14 9.5 5 
40 41 37 28 21 19 12 7.5 5 
43 37 34. 5 26 19 17 12 7.5 5 
Thermocouple Pair Number 
BT 1 2 3 4 5 6 7 8 
Min. at for Thermocouple Set 2 
1 0 0 0 0 0 0 0 0 
5 0 11 24 41 36 34 34 13 
8 5 69 88 92 67 56 45 19 
12 19 111. 5 120.5 103 70 58.5 41.5 19 
16 36 130 126 97 64 53 36 17.5 
20 51 127 118 83 56 45 32.5 15.5 
24 59 118 104 72 49.5 38 27 14 
26 62 108 94 64 43 34 23 12 
30 66 93 79 55 37 30 19 10 
34 60 79 66 45 30 24 17 10 
38 58 65 57.5 37 28 22.5 15 10 
41 54 57 48.5 33.5 24 17 13 8 
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Fire 13 
ET 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. AT for Thermocouple Set 3 
2 2 5 7 9 5 17 13 11 
4 4 7 9 26 21 28 15 11 
6 51 122 106 78 43 41 23 19 
9 158 145 104.5 56 43 21 21 
12 116 152 136 92 67 47.5 19.5 17 
15 118 141 114 86 56 35 23 19 
18 105.5 123.5 103.5 80 50 36 21 19 
21 95 102 90 57.5 41 23 21 19 
23 86 83 75.5 52 43 30 15 13 
26 75.5 69 68 41 35 30 17 10 
29 70 54 54 39 24 20 9 6 
36 42 38.5 35 28 18.5 13 10 10 
39 37 33.5 28 23 15 11 8 8 
42 33 29.5 26 21 13 9 8 8 
44 29 25.5 22 17 13 8 6 6 
BT 
Thermocouple Pair Number 
1 2 3 4 5 6 7 8 
Min. at for Thermocouple Set 4 
2 2 4 4 7 7 15 13 9 
6 45 161.5 146 129.5 86 60 30 19 
10 99 160 149 128 93.5 62 30 19 
14 101 122 116 100 77 52.5 28 17 
17 89 90 89 93 62 46 24.5 15 
21 74 69 69 58 49.5 41 22.5 15 
28 52 43 45 37 33 28.5 18 11 
31 43 35 36.5 30 28 25 16 9 
36 38.5 26 26 24 22 21 14 7 
39 30 20 22 21 18 17 12 7 
43 26 19 19 18 16.5 15 10 9 
APPENDIX H 
AVERAGE TEMPERATURE GRADIENT IN SAND BASE 
FOR THERMOCOUPLE PAIRS 1, 2, 3, AND 4 
133 
Fire 5 
Thermocouple Set Number 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
20 4.5 1.5 5 7 4. 5 5. 5 2.5 7.5 8 6 
30 25 15,5 27 31 24. 5 29 17 32 34 28 
40 61.5 41 67 68 59. 5 67 40 77 77 65.5 
50 91.5 67.5 97.5 101 89. 5 99. 5 67 109 112. 5 97 
60 108 73 108.5 122 103 109 87 118.5 127 110,5 
70 109.5 103 105 127. ,5 111. 5 104. 5 96.5 114 126 110.5 
80 98.5 92 99 112 100. 5 92 94 101.5 112 100 
90 83 77.5 90 94. ,5 86 79 83.5 85 93 85 
100 69 64 79 80 73 67 72 70 76 71.5 
110 55 50 64 67 57 54 60 60 60 58,5 
120 42 36 50 54 45. 5 42 49 48 44 46 
BT 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
20 10 1 10 10 8 10.5 2 4 8 6 
30 38 16 40 40 33.5 40 16 25 32 28.5 
40 79 42 86 86 73.5 82 42 55 71 62.5 
50 106.5 76.5 112.5 115. 5 103 107 70 80.5 101. 5 90 
60 117 93.5 117.5 134 115.5 111.5 89 93 109 100.5 
70 108 101 108 129 111.5 104 96 81 104 96.5 
80 94.5 97.5 94 112 99.5 91 91.5 72 90, 5 86.5 
90 77 87 79 93 84 77 82.5 65 76, 5 75.5 
100 66 75 64.5 78 71 64 73 59.5 64 65 
110 53 64.5 53 65. 5 59 52 64 59 52 57 
120 42 54 42 54 48 40 55 49 40 46 
1 
2 
29 
76 
120 
129 
117 
97 
77 
58 
48 
1 
2 
22 
62 
107 
121 
112 
92 
72 
61 
52 
134 
Fire 6 
Thermocouple Set Number 
4 
Thermocouple Pair 1 Thermocouple Pair 2 
0 2 1 1 1 0 2, 5 2 1. ,5 
21 17 24 23 23 13 37 30. 5 26 
55 51 76 64. 5 69. 5 44 92 86 73 
110. 5 101.5 130 115. 5 110. 5 89. 5 143 133 119 
133 113 145 130 124 113. 5 148 142 132 
129 108 127 120. 5 115 114. 5 134 132 124 
112. 5 97 105 103 98. 5 101. 5 108. 5 111 105 
96. 5 79 87 85 81 87. 5 90. 5 90. 5 87, .5 
82 64 72.5 69 64. 5 71 74 74. 5 71 
67 47 61 56 48 62 58 61. 5 57. .5 
Thermocouple Pair 5 Thermocouple Pair 4 
1. 5 3 2.5 2. 5 2.5 1 3 1 2 
18 35 28 28 21 17 22 20 20 
53. 5 92 88.5 74 57 53 59 64 58. 5 
98 133 142.5 120 99 98 96.5 113 101. 5 
123. 5 140 156.5 135. 5 112 118 109 124.5 116 
120 127 141 125 106 117. 5 92.5 110 106. 5 
100. 5 107 113 103. 5 89 107 80.5 92 92 
86 86 93 84. 5 77.5 92. 5 68.5 75 78. 5 
76 67 77.5 70. 5 67 75. 5 57 60 66. 5 
70 48 65 59 58 53 46 46 51 
135 
Fire 7 
Thermocouple Set Number 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
15 8 5 3.5 1. 5 4. 5 8. 5 3 5. 5 4 5 
20 20 17 16 16 17 25 16 16. ,5 19 19 
25 39 37. 5 36 36 37 39 33 42 44 39. 5 
30 59 59 54 55 57 63 53. 5 66 63 61. 5 
35 72 76 69 74 73 79. 5 69. 5 85. 5 80 78. 5 
40 83 88 80 84 84 90. 5 81 98. 5 90. 5 90 
45 88 95 88 89. 5 91 93. 5 89 106 94 95. R KJ 
50 87. 5 97 92 90. 5 92 90. 5 92. 5 108 93. ,5 96 
55 85. 5 95. 5 92 89 90. 5 86 91 105 90.5 93 
60 82 92. ,5 89.5 85. 5 87. 5 81 86. .5 100. ,5 88. ,5 89 
65 77 88 85.5 80. 5 83 75 81 95. ,5 85 84 
70 71. 5 82 80 75 77 69 74. ,5 89. ,5 80. ,5 78. 5 
75 65 76 73.5 68. 5 71 62. ,5 67 83. ,5 76 72 
80 58 69 66 61 68 56 76 70 59 65 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
15 10 4 7.5 8 7.5 15 8 4.5 8 8.5 
20 25 17.5 21 25 22 17 21.5 17 34 22.5 
25 48. 5 34 40 53 44 57 34 32 47 42.5 
30 69. 5 53 62 75. 5 65 76. 5 54 49 66. 5 61.5 
35 82. 5 71 79.5 90 81 90. 5 70 63 80 76 
40 89 83 90.5 99 90.5 93. 5 80 72 87 83 
45 90 89 97 102. 5 94.5 91 86 77 88. 5 85.5 
50 87. 5 90 99 101 94-5 86. 5 86.5 77.5 85. ,5 84 
55 83 89 97 95 91 81 84 75.5 81 80.5 
60 78 85.5 94 88. ,5 86.5 75. ,5 80.5 72 75. ,5 76 
65 72 81 90 82 81.5 69. ,5 76.5 68.5 70 71 
70 66 75 84.5 75 75 62. ,5 72 65 64 66 
75 59 69 78 69. 5 69 55 67 60 57. 5 60 
80 52. 5 62 70.5 64 62 47 61.5 55 50 53.5 
136 
Fire 8 
Thermocouple Set Number 
BT 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
10 5 1.5 0 0 .5 1 .5 .5 1 1 
15 8. 5 10 5.5 8 8 8 7 8 10.5 8. P <. 
20 22, ,5 27 21 22. ,5 23.5 24. 5 19 27.5 35 26. F «. 
25 41. 5 48 42 39 42.5 60. 5 39 53 63.5 54 
30 57 65 59 57 59.5 87 59 74 82 75. F V 
35 70. 5 78.5 72 70 73 97. 5 74.5 91.5 94 89. F «. 
40 79. 5 88 81.5 79 82 100 85 105.5 100.5 98 
45 85 92.5 87.5 83. .5 87 99 90.5 114.5 101 101. P «. 
50 87 92.5 90 84 88.5 96. 5 91 114.5 97 100 
55 87 88 88 82 86.5 92. 5 88.5 110 90.5 95. P V 
60 84. 5 83 84.5 78 82.5 87. 5 84 104 83.5 90 
65 80. 5 77 80 73 77.5 81 78 97.5 75.5 83 
70 75. .5 70.5 74.5 67 72 74 70.5 90 67 75. p «. 
75 70 63.5 68, 60. .5 65.5 66 62 82 58 67 
80 64 56 61 53, ,5 58.5 56. 5 53 73 47 57. p 
IT 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
10 1.5 0 1.5 5.5 2 1 0 .5 1 1 
15 13 7 7 23 12. 5 12 8 5.5 14. 5 10 
20 25 22 33 49.5 32. 5 28 24 15 35 25. £ 
25 48.5 41.5 51.5 82 56 48 44 44 57 48.E 
30 67 61.5 68.5 100 74. 5 67. 5 66 80 72. 5 71.£ 
35 80.5 76.5 83.5 109.5 87. 5 84 81 93.5 82. 5 85,£ 
40 92 86.5 93.5 112.5 96 97 90 92.5 88 92 
45 99 92 99 110 100 101 93.5 88 88 92.£ 
50 97 92 99 103.5 98 98 92 82.5 84. 5 89. £ 
55 92 89 96 96 83. 5 92. 5 87.5 77.5 79 84 • 
60 87 84 91.5 87.5 87. 5 87 82 73 72 78.£ 
65 80. 5  79 86.5 78 81 80. 5 76 68 64. 5 72.£ 
70 74 73 80.5 67.5 74 73. 5 69.5 64 56 66 
75 67 66 74 56 66 66 62 60 47. 5 59 
80 59 59 67 44 57 58 54 56 38 51.£ 
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Fire 9 
Thermocouple Set Number 
BT 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
10 1 .5 .5 2 1 2 .5 ,5 1. ,5 1. C 
15 10 7 6 11 8. ,5 14 8 11 15. ,5 12 
20 32 21 19.5 32. ,5 26, ,5 36 23.5 32.5 36 32 
25 59 40,5 38 53 47. .5 67. 5 44 62 64 59. P «-
30 84 62 61 88 74 94 67 97. 5 95. ,5 88. P «-
35 103. 5 81 80,5 107 93 113 86 119 Ill 107 
40 114. 5 94.5 96.5 121 106. ,5 121 97 129 115 115. P o 
45 113 99 103 124 110 118 98 129 112. ,5 114. P %j 
50 106 97 100.5 119 105. 5 110 95.5 125 106 109 
55 98. 5 93.5 95 111. 5 99. .5 100. 5 92 117 97 101. P o 
60 90 89 88.5 102. 5 92. ,5 90 87.5 106 87 92. P 
65 79. 5 84 81.5 92 84 77. 5 83 91 75. .5 82 
70 67 79 73.5 82 75. ,5 64 78 73 63 69. P u 
BT 1 2 3 4 X 1 2 3 4 X 
Min, Thermocouple Pair 3 Thermocouple Pair 4 
10 1 0 2 3 1,5 1 0 0 1 F • c< 
15 14 8.5 14 20 14 9 3. ,5 5 14 8 
20 34 24.5 35.5 47 35.5 24 16 18 36 23. E 
25 60.5 44.5 64 85 63.5 48. .5 33 34.5 70. 5 46. E 
30 85 68 91 115 90 74 53 54 99. 5 70 
35 103.5 86,5 111 135 109 94 70 74 112. ,5 87. £ 
40 112 97 120 143 118 105 81 88 116 97.e 
45 109.5 97 117 139 115.5 103, ,5 87 82 114 99 
50 103.5 95 111 130 110 96. ,5 87 88 107 94,E 
55 96 92 104 119 102.5 90. ,5 82 81.5 98 88 
60 87.5 88 96 107 94.5 83. ,5 75. 5 74 88 80,E 
65 78 84 87 93 85.5 76. ,5 68 65.5 76. 5 71,£ 
70 68 79.5 78 78 76 69 60 61 64 63. E 
Fir© 10 
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Thermocouple Set Number 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
10 0 1 1 0 5 2 .5 2 5 1 
20 10 12 11 7 10 14.5 8.5 20 11 13.5 
30 29 27 32 23. .5 28 34 22.5 47.5 28. 5 33 
40 47 44 51 41 46 53 38 69 45. 5 51.5 
50 61 57.5 67 55. 5 60. 5 70 52 87 61 67.5 
60 74 70.5 81 67 73. 0 83.5 63.5 102.5 73. 5 81 
70 84 81 92.5 78 84 91 72.5 113.5 85. 5 90.5 
80 88. 5 89 98 87 90. 5 95 79 115.5 89. 5 95 
90 84. 5 94 94 93. 5 91. 5 83 83 108 99 93.5 
100 77. 5 96 87 92 88 75 82 98 95 87.5 
110 69 94 79 87 82. 5 67 79 88 88. 5 80.5 
120 60 88.5 70 80. 5 75 59 75 78.5 81. 5 73.5 
130 52 82 60 73 67 52 70 68 73. 5 66 
140 48 74 52.5 65 60 45 63 57 65 57.5 
150 47 65 50 56 54- 5 38 56 47 56 49 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
10 2 0 2.5 5 1 1 0 0 0 0 
20 15 5 15 11 11.5 7 4.5 6. 5 6 
30 33 15.5 34 29 28 18. 5 11 15 15 
40 52 27.5 52 45. 5 44.8 31 19 24 25 
50 67 40 68 60 59 42. 5 28 42.5 34 37 
60 79.5 51.5 82 72. 5 71.5 53 36.5 53 42. 5 46. ,5 
70 88 61 92 84 81.5 62 44 63 50. 5 55 
80 92 67.5 94.5 89 86 69 51 70 57 61. ,5 
90 86 72 92 94 86 69. 5 57 69 60 64 
100 82.5 72 87.5 90 83 66 59 64 57 61, .5 
110 78 69.5 83 84 78.5 61 57 57.5 50 56. ,5 
120 73 76 78 77 76 56 50 53 43 50. ,5 
130 68 61 72.5 70 68 50 44 48 37 45 
140 62 56 66.5 62 61.5 43. 5 40 43.5 33. 5 40 
150 55 50 46 53 51 44 38 43 33 39. ,5 
139 
Fire 11 
Thermocouple Set Number 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
5 6. 5 ,5 10. ,5 2 5 11 4. 5 16 15 11.5 
7. 5 48 2 26 .5 18 23. 5 58 34 52 60 51 
10 74 6. ,5 53 80 53. 5 91. ,5 75 107 105. ,5 95 
12. 5 85 14 80 90 67 102, ,5 86 122 117 107 
15 87. 5 22 93 90 73 103 88 124.5 113. .5 107.5 
17. 5 87 27. ,5 96 88 74. 5 97. ,5 84 112.5 101. ,5 99 
20 82 32 91 83. ,5 72 89 77 98.5 89 88.5 
25 70 37 75. ,5 68. ,5 63 70 60 74.5 67 68 
30 58 37. ,5 62 54 53 57 47 57 51 53 
35 47. ,5 34 49, .5 41. .5 43 46 38. 5 45.5 39 42.5 
40 38 27. ,5 38. .5 31 34 37 32 37 30 34 
45 30 23 33. ,5 28 28. ,5 29 28 29 24 27.5 
BT 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
5 16 9 15 24 16 23 23 5.5 36 22 
7.5 63 55 69 102 72 87. 5 72 27 87. 5 68 
10 95 84 107 128. ,5 103. 5 105 99.5 53.5 98. 5 89 
12.5 105. 5 93. ,5 122 129 115 110 105 69 97 95 
15 105 96 123.5 119. .5 111 106. 5 102 75 87 92. 5 
17.5 98. ,5 91. ,5 102.5 116. .5 102 98. 5 93 74 74 85 
20 88 82 89 104. .5 91 88 80.5 69 63 75 
25 66. 5 61. 5 80 64 68 64 60 57 47 57 
30 51. 5 49 60 47. ,5 52 50. 5 46 45 34. 5 44 
35 40. 5 39 46 37. ,5 41 40 37 35 26 34. 5 
40 31 30. ,5 35 29. ,5 31. ,5 32 29 28.5 20 27. 5 
45 26 26 27 26 26 26 23 23 16. ,5 22 
140 
Fire 12 
Thermocouple Set Number 
BT 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
3 0 3 0 0 1 1 1.5 2 3 2 
6 23 4. ,5 13 33 18. ,5 30 23 27 69 37,1 
9 63 7 55. ,5 69 48, ,5 79 54 87 100. .5 80 
12 89 18 87 77 68 109 74 116,5 107 101,1 
15 98 29 95, .5 76 74, ,5 116. .5 86 126 97 106.! 
18 97 37 96 71 75. ,5 113, .5 87 121 84 101.1 
21 91 42 91 66 73 106 80.5 109 73 97 
24 82 43 81 55 65. 5 95 72.5 94 62. ,5 81 
27 72.5 43 70 48 58. ,5 83 .5 64 80 52. ,5 70 
30 63.5 41. 5 61 42 52 72. ,5 56.5 66 43 59.1 
33 53 36 52 39.5 45 61. ,5 49.5 54 35 50 
36 48 31 44 37 40 50. .5 33 43,5 28 36.! 
ET 1 2 3 4 X 1 2 3 4 5 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
3 3 3 6 16 9 9 16 7 14 12.! 
6 46 38 55 104 61 62 56 43 77 59.! 
9 89 66. ,5 112. .5 129 99. 5 91 75. ,5 79 109 88.! 
12 112 84 129 124 112 96 81. ,5 89.5 109 94 
15 121 91 128 108 112 90. 5 76 85 97 87.! 
18 116.5 87. 5 113. .5 93 102. 5 80 67. ,5 75 84 76 . 1  
21 103 79 97 79 89. 5 70. 5 60 65 72 67 
24 90 71 83 66. .5 77. 5 62 53 56 61 58 
27 78 63 70 56 67 53. 5 47 48 50 50 
30 67 56 58 46, .5 57 46 41 40.5 40.5 42 
33 56.5 50 46. 5 38 48 39 36 33.5 32 35 
36 47 44 37. 5 31 40 33 31 27.5 25 29 
141 
Fire 13 
Thermocouple Set Number 
'.M 
BT 1 2 ' 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 1 Thermocouple Pair 2 
5 3 0 13 25 8 13 11 86.5 120 56. 
7.5 58 3 82 68 53 57. ,5 45 149 168 105 
10 82. 5 11 106.5 100 75 101 81 159 106. ,5 125. 
12.5 96. 5 20.5 118 104 85 115 113.5 149.5 134 128 
15 102. 5 31,5 118.5 97. ,5 87. ,5 114 5 128.5 130 111 121 
20 94 49.5 96 77 79 91. .5 129.5 98 76 99 
25 74 63 76.5 59. .5 68, .5 74 112.5 72 52 77. 
30 61 67 59.5 44, ,5 58 59 92 52 36 60 
35 51 59.5 44.5 33. ,5 47 45, .5 74 39.5 26. ,5 46. 
40 41. 5 53 33.5 28 39 35 59 31 20. ,5 36. 
45 34 49 27 24 33. ,5 29 48 25 16 29. 
ET 1 2 3 4 X 1 2 3 4 X 
Min. Thermocouple Pair 3 Thermocouple Pair 4 
5 22 22 55 95 48, ,5 29 40 50 86 51 
7.5 95 77. ,5 139 152 116 97 86.5 100 134 104. 
10 114 112 145 148. ,5 130 105 106 104 129 Ill 
15 107 125. 5 115 107 113. ,5 85 99 82.5 97 91 
20 82.5 119. ,5 89 76 92 62, ,5 84 62 70, .5 70 
25 63 99. .5 69 54. ,5 71, .5 44 70 47 49 52. 
30 49 81 52 38 55 33. ,5 57.5 35 31, ,5 39. 
35 37.5 65 38 26 42 27 46 26 24 31 
40 30 51 27 19. ,5 32 21 34,5 21 19. ,5 24 
45 22 39 20 17 24.5 17 24 18 17 19 
APPENDIX I 
NOMENCLATURE 
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Symbol Definition 
A area of orifice or flow, ft.^ 
A cross section of the path normal to the x axis, cm.^ 
A area under water loss curve, g.-min., kg.-min. 
A^ surface area of tube in crib, cm.^ 
BT boiling time, min. 
Cp specific heat of water, cal./g-/^C. 
Cp specific heat of air at constant pressure, 
B.t.u./lb. 
-dT/dx temperature gradient along the x axis, °C./cm. 
emf electromotive fprce, millivolts 
E internal energy rate, B.t.u./min. 
Eg^yQ average energy release rate in convection column, 
B.t-u./min, B.t.u./sec. 
®total total energy released in fire, B.t.u./min., 
B.t.u./sec. 
ET elapsed time, min. 
F F ratio 
Hf heat flux experienced by the analog, cal./sec., 
cal./min. 
I rate of heat received per unit area of calorimeter 
tube, cal./cm.^/sec. 
K thermal conductivity of the substance, cal./sec. 
(cm. C./cm. ) 
L.H.Vo low heat value, B.t.u./lb. 
n number of observations 
q rate of heat conduction along the x axis, cal./sec. 
143 
Symbol Definition 
Q heat absorbed by the calorimeter water (total 
conducted, radiated, and convected), cal./sec., 
cal./min. 
heat transfer by conduction, cal./cin.^/min. c 
Q /A heat transfer by conduction per unit area, 
^ cal./cm.Vsec. 
total heat transmitted to analog, cal./sec. 
radiant heat flux, cal./sec. 
Qij, total heat conducted through sand, cal./cm.^ 
r multiple correlation coefficient 
r^ portion of variance attributable to regression 
rate of water loss from the analog, g./min. 
t time, min. 
TQ ambient temperature, °F. 
convection column temperature, 
temperature rise of water through the calorimeter, °C. 
V convection column velocity, ft./min. 
¥ mass flow rate of water, g./sec., g./min. 
W oven input, watts 
W.L. water loss from the analog, g. 
AP pressure differential in exhaust flue, Ib./ft.^, 
inches of water 
AT temperature rise of water through calorimeter, °C. 
AT temperature gradient, ^C. 
p air density, 
144 
Symbol Definition 
X void volume to surface area ratio, ft.^/ft.^ 
a particle surface area to particle volume ratio, 
